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 La doctoranda Marina Sierra Rodero cursó los estudios de Máster en Química 
Fina Avanzada en la Universidad de Córdoba, obteniendo excelentes calificaciones en 
las asignaturas del mismo. El trabajo Fin de Máster fue publicado en la revista 
Microchimica Acta, situada en el primer cuartil en la especialidad de Química Analítica. 
La temática de la Tesis se encuadra dentro de las tendencias de la Química 
Analítica, ya que aborda nuevas metodologías dinámicas mediante el empleo de 
nanomateriales y sistemas microfluídicos. En primer lugar, se han establecido nuevos 
métodos para la determinación de compuestos tiólicos utilizando nanopartículas de 
oro en sistemas de flujo convencionales, como son la técnica de flujo detenido y el 
análisis por inyección en flujo. En la segunda parte de la Tesis se describen diversas 
metodologías, con y sin separación, para la determinación de diferentes tipos de 
antibióticos en sistemas microfluícos. Por último se ha llevado a cabo un exhaustivo 
trabajo de revisión bibliográfica que muestra los últimos avances en el uso de 
nanomateriales en sistemas microfluídicos para el desarrollo de nuevas metodologías 
con el fin de mejorar las propiedades analíticas.  
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OBJETO 
 
 El objetivo genérico de las investigaciones que se recogen en esta Memoria ha 
sido el desarrollo de nuevas metodologías analíticas dinámicas, con y sin separación, 
mediante el empleo de nanomateriales y sistemas microfluídicos. Para alcanzar este 
objetivo se han realizado las siguientes investigaciones: 
- Estudio de la aplicabilidad analítica de las nanopartículas de oro como 
reactivos en sistemas de flujo convencionales para la determinación de 
compuestos tiólicos, en productos farmacéuticos y cosméticos. 
- Desarrollo de un microsistema de inyección en flujo con detección 
quimioluminiscente para la determinación de antibióticos aminoglucósidos 
en aguas. 
- Investigación de la utilidad de la electroforesis en microchip para la 
separación y determinación fluorimétrica de antibióticos fluoroquinolonas. 
- Utilización de la luminiscencia de tiempo resuelto sensibilizada con terbio 
como sistema de detección en electroforesis en microchip. 
- Estudio crítico y sistemático de la aplicabilidad de los nanomateriales para 
mejorar las propiedades analíticas en los sistemas microfluídicos. 
 
 
 
 
     
 
5 
 
AIM 
 
 The general aim of the research included in this study has been the 
development of new dynamic analytical methodologies, with and without separation, 
by using nanomaterials and microfluidic systems. The following investigations have 
been developed to achieve this goal: 
- Study of the analytical applicability of gold nanoparticles as reagents in 
conventional flow systems for the determination of thiol compounds in 
pharmaceutical and cosmetic samples. 
- Development of a flow injection microsystem with chemiluminescence 
detection for the determination of aminoglycoside antibiotics in water samples.  
- Study on the utility of microchip electrophoresis for the separation and 
fluorimetric determination of fluoroquinolone antibiotics. 
- Use of time-resolved terbium sensitized luminescence as detection system in 
microchip electrophoresis. 
- Critical and systematic study of the applicability of nanomaterials for the 
improvement of analytical properties in microfluidic systems. 
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Como introducción a las investigaciones que se presentan en esta Memoria se 
describen diversos aspectos que inciden en las herramientas metodológicas e 
instrumentales utilizadas para el desarrollo de los métodos propuestos y en las 
especies químicas que se han empleado como analitos. Teniendo en cuenta el 
contenido de la Memoria, la introducción se ha dividido en cinco apartados: 1) 
nanomateriales, 2) sistemas de flujo, 3) sistemas de detección, 4) sistema informático y 
5) analitos. 
 
NANOMATERIALES COMO HERRAMIENTAS EN METODOLOGÍAS ANALÍTICAS 
 Los nanomateriales son estructuras que se caracterizan por tener un reducido 
tamaño, comprendido entre 1 y 100 nanometros, en al menos una de sus tres 
dimensiones espaciales. Su utilización en Química Analítica ha sido muy exhaustiva en 
los últimos años, debido principalmente a sus atractivas propiedades físicas, químicas y 
biológicas, diferentes a las que presentan los mismos materiales a macroescala [1]. 
Además, su elevada relación superficie-volumen, la capacidad de funcionalización de 
su superficie y sus favorables características térmicas, les proporcionan gran 
versatilidad para su utilización en el desarrollo de diferentes metodologías analíticas. 
En la actualidad, el uso de nanomateriales como reactivos analíticos supone una 
alternativa al uso de otros reactivos de origen orgánico y/o bioquímico (enzimas, 
anticuerpos, etc). Estas nanoestructuras pueden encontrarse en diversas formas 
físicas, tales como partículas, materiales porosos, fibras y tubos. Por otra parte, sus 
propiedades tanto físico-químicas como químicas posibilitan ampliar su utilización 
debido a la variabilidad en el diseño de estructuras y a su capacidad para la 
incorporación de diversos grupos funcionales en su superficie.   
Una de las principales aportaciones del uso de nanomateriales con fines 
analíticos es la mejora en las propiedades analíticas de los métodos determinativos 
propuestos, tales como selectividad, sensibilidad, precisión y velocidad de muestreo. 
Existe una amplia disponibilidad de nanomateriales. De ellos, las nanopartículas de oro 
(AuNPs) se encuentran entre las más utilizadas con fines analíticos, como se comenta 
posteriormente. Dentro de los otros tipos de nanomateriales cabe citar el uso de las 
NPs de plata en espectroscopía Raman amplificada en superficie (SERS) [2]. Las 
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especiales propiedades ópticas de los quantum dots han sido ampliamente utilizadas 
para el diseño de marcadores y de biosensores [3]. Las NPs magnéticas han 
demostrado su aplicabilidad para la separación y preconcentración de analitos debido 
a su biocompatibilidad, estabilidad física y química y bajo coste [4]. Los nanomateriales 
de carbono, tales como los nanotubos y los fullerenos [5], y las NPs de sílice [6] 
también han sido ampliamente utilizados en Química Analítica.  
 En la Figura 1 se muestra la evolución del uso de nanomateriales como 
herramientas analíticas a lo largo de los últimos años.  En ella se representa el número 
de publicaciones en las revistas analíticas con mayor índice de impacto desde el año 
1997 hasta el 2012. Como se puede observar, existe un crecimiento exponencial que 
pone de manifiesto el auge y la aplicabilidad de la nanotecnología en la investigación 
en la Química Analítica. 
 
             
 
       Figura 1. Evolución en el uso de nanomateriales con fines analíticos (Scopus Scholar, 2013). 
  
Las distintas etapas del proceso analítico se han beneficiado con el uso de los 
nanomateriales. Así, se han empleado en procesos de preparación de muestras para 
preconcentración y eliminación de la matriz [7], y en etapas de separación, debido a su 
capacidad para mejorar la resolución. Aunque su uso ha sido mayoritario en sistemas 
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de separación mediante electroforesis capilar convencional, también se ha descrito su 
utilidad en métodos cromatográficos [8]. 
Diversos nanomateriales se han utilizado como marcadores y como soportes 
(nanoscaffolds) en métodos de inmunoensayo y de hibridación de ácidos nucleicos [9], 
especialmente en metodologías “high-throughput” en bioanálisis [10], en el control de 
marcadores tumorales [11] y como amplificadores de la señal analítica en el desarrollo 
de biosensores [12, 13].  
Otro campo de investigación relativamente reciente incide en el uso de 
nanomateriales para el desarrollo de metodologías miniaturizadas basadas en sistemas 
microfluídicos o sistemas “lab-on-chip”, llevando consigo mejoras en la rapidez de las 
determinaciones y la reducción en el consumo de muestras y reactivos [14].  
Aunque se ha demostrado ampliamente que los nanomateriales mejoran las 
propiedades analíticas, un aspecto en el que se necesita seguir investigando incide en 
ampliar su aplicabilidad para el análisis de muestras complejas. 
 Como se ha indicado anteriormente, las AuNPs se encuentran entre los 
nanomateriales más utilizados en el desarrollo de nuevas metodologías de análisis. De 
sus características más destacadas cabe mencionar su elevada relación superficie-
volumen, su buena capacidad para la transferencia de electrones y su reactividad 
superficial, especialmente destacada con moléculas que contienen grupos tiol (-SH), 
que  se unen covalentemente a la superficie de las NPs [15].  
 Se han propuesto diferentes métodos para la síntesis de AuNPs con una 
estrecha distribución de tamaños. Uno de los más conocidos es el desarrollado por 
Turkevich y posteriormente mejorado por Frens, en el que se sintetizan en disolución 
acuosa reduciendo el ácido tetracloroáurico (HAuCl4) en presencia de citrato de sodio. 
Los aniones citrato permanecen unidos a la superficie de las NPs, lo que produce la 
repulsión entre ellas y evita su agregación [16]. Posteriormente se han desarrollado 
varias metodologías de síntesis para preparar AuNPs de diversas formas y tamaños 
[17].  
 Una de las características más importantes de las AuNPs es su banda plasmón, 
originada por la oscilación colectiva de los electrones conductores de las AuNPs 
cuando su frecuencia coincide con la de la radiación electromagnética incidente. Este 
proceso origina una intensa banda de absorción, así como un aumento en la intensidad 
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de la radiación dispersada [18]. Esta banda plasmón depende del tamaño de las NPs, 
su forma, la distancia entre ellas y la constante dieléctrica del medio. La agregación de 
las NPs produce un desplazamiento batocrómico de la banda plasmón con un cambio 
en el color, del rojo al azul, pudiéndose utilizar esta propiedad para la detección 
mediante fotometría o mediante medidas de dispersión de la radiación [19]. Las AuNPs 
también se han utilizado en técnicas luminiscentes, especialmente con sistemas 
quimioluminiscentes, en los que actúan como catalizadores o como aceptores de 
energía [20].  
Las excelentes propiedades mecánicas y eléctricas de estas NPs justifican su 
amplio uso en técnicas electroquímicas. Además de su capacidad para facilitar la 
transferencia de electrones, su utilización para recubrir los electrodos ha demostrado 
que mejora notablemente la sensibilidad analítica debido al aumento de la superficie 
de contacto del electrodo [21]. Estas NPs se han utilizado además en varias 
metodologías de separación, tales como en cromatografía de líquidos y de gases, así 
como en separaciones electroforéticas [22].  
 
SISTEMAS DE FLUJO 
Las metodologías desarrolladas en esta Memoria tienen en común la utilización 
de diversos sistemas de flujo convencionales y microfluídicos, lo que justifica que a 
continuación se realice una breve descripción de estos sistemas y de su aplicabilidad 
analítica. 
Sistemas de flujo convencionales 
En las investigaciones realizadas se utilizan sistemas dinámicos de flujo basados 
en el uso de la técnica de mezcla de flujo detenido (stopped-flow, SF) y de sistemas de 
análisis de inyección en flujo (flow-injection analysis, FIA), en sus modalidades de flujo 
invertido (reverse-FIA, r-FIA) y flujo detenido no cinético (non-kinetic stopped-flow 
FIA). A continuación se comentan brevemente las principales características de estos 
sistemas dinámicos. 
   Introducción 
 
13 
 
Técnica de mezcla de flujo detenido. Esta técnica permite de forma muy simple 
la automatización de las medidas cinéticas [23,24]. Como se muestra en el esquema de 
la Figura 2 A, los reactantes de un sistema químico se distribuyen entre dos jeringas, 
denominadas jeringas de impulsión, y son conducidos a gran velocidad hacia la cámara 
de mezcla que, normalmente, es también la celda de observación del instrumento. El 
flujo se detiene bruscamente mediante una tercera jeringa, denominada jeringa de 
parada, permitiendo la obtención rápida de la curva cinética señal-tiempo. Mediante 
un soporte informático adecuado se obtienen datos cinéticos, tales como la velocidad 
inicial de la reacción, amplitud de señal y, en su caso, periodo de inducción. La Figura 2 
B muestra un módulo comercial que permite acoplar esta técnica a un detector 
fotométrico o fluorimétrico.  
 
 
 
 
 
 
 
 
 
 
 
 
Figura 2. (A) Esquema general de la técnica de flujo detenido. J1 y J2, jeringas de reactivos y 
muestra. J3, jeringa de parada. TFM, tubo fotomultiplicador. (B) Módulo comercial para el desarrollo de 
la técnica de flujo detenido. 
(A) 
(B) 
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Las características de esta técnica son: 1) mezcla rápida, completa y automática 
de los reactantes, 2) aplicación a sistemas cinéticos rápidos y lentos, 3) gran precisión, 
4) obtención rápida de resultados y 5) automatización de la etapa de medida. Estas 
características permiten obtener una gran velocidad de muestreo, lo que justifica su 
utilización en análisis de rutina. En algunos sistemas la etapa de medida requiere sólo 
unos segundos e, incluso, décimas de segundo. En sus inicios, la técnica de mezcla de 
flujo detenido se orientó principalmente hacia el estudio de la cinética y mecanismos 
de reacciones rápidas. No obstante, su utilidad en análisis de rutina ha sido 
suficientemente demostrada [25-27], siendo su campo de aplicación 
extraordinariamente amplio. 
Análisis por inyección en flujo. Esta técnica, conocida como FIA, forma parte de 
las técnicas automáticas de análisis con flujo no segmentado en las que las 
determinaciones se realizan de forma continua sin utilizar burbujas de aire para la 
separación de las distintas muestras que se transportan a lo largo del sistema. 
Normalmente se utilizan muestras líquidas que se insertan directamente en el sistema 
dinámico (Figura 3 A) a través del cual son transportadas, pudiendo incluir reacciones 
químicas o bioquímicas y sistemas de separación y/o preconcentración. Se utiliza un 
detector continuo, provisto generalmente de una célula de flujo, para la obtención de 
las señales transitorias características de la técnica (Figura 3 B) [28].  
Las características más destacables de la técnica son:  
- Versatilidad: Entre otros usos cabe destacar su utilización como simple 
interfaz entre muestra y detector, con intercalación de etapas de 
separación y/o preconcentración, reacción, implantación de sensores 
(bio)químicos en flujo, su acoplamiento con cromatógrafos, o con 
detectores ICP-AES, ICP-MS, FTIR, MS, y su uso para el seguimiento de 
distintos procesos químicos. 
- Rapidez: Es una consecuencia de la ausencia de contaminación entre 
muestras inyectadas, ya que las características geométricas de los sistemas 
favorecen la dispersión radial en detrimento de la axial. 
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- Precisión: Estudios sobre este parámetro analítico han permitido establecer 
como más común, un valor de la desviación estándar relativa de los 
métodos FIA inferior al 2% [29]. 
- Bajo coste: Con estos sistemas se suele trabajar a bajas presiones, lo que 
permite prescindir de unidades (bombas, válvulas, etc) de alta presión que 
son más costosas. 
- Automatización: permite mejorar la calidad de los resultados y aumentar la 
versatilidad de las metodologías analíticas a desarrollar [30]. 
 
         
 
 
 
 
Figura 3.  Unidades básicas de un sistema FIA (A) y fiagrama obtenido en inyecciones sucesivas de 
analito a concentración creciente (B). 
(A) 
(B) 
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En una de las investigaciones recogidas en esta Memoria se utiliza la modalidad 
de flujo interrumpido no cinético en la que, además, la introducción de la muestra se 
realiza mediante el modo de FIA-invertido.  
Modalidad de flujo invertido. La introducción de la muestra mediante inyección 
es una característica inherente al FIA. La modalidad de FIA invertido (reverse FIA o r-
FIA) se diferencia a su vez claramente del FIA convencional porque se lleva a cabo la 
inserción o inyección de reactivo en lugar de la práctica habitual de la inyección de la 
muestra. En la Figura 4 se muestra esquemáticamente la diferencia entre las dos 
modalidades FIA, normal e invertido. La elección de una modalidad u otra vendrá 
condicionada por las potenciales utilidades y limitaciones de ambas. Es innegable la 
utilidad del FIA invertido cuando se pretende minimizar el consumo de reactivos 
debido a que son caros, escasos, tóxicos o peligrosos, en la capacidad para originar 
gradientes, por ejemplo de pH, o incluyo para la mejora de la sensibilidad analítica 
derivada del establecimiento de mezclas de reactantes más eficaces. La elección de la 
modalidad FIA invertido conlleva a su vez la disminución de la frecuencia de muestreo 
y un relativamente elevado consumo de muestra, lo que restringe su aplicabilidad 
exclusivamente a la disponibilidad de muestra. También hay que incluir una etapa de 
lavado entre muestras [31]. 
 
 
 
 
 
 
 
 
Figura 4. Comparación de un sistema FIA normal (a) con  FIA invertido (b). S, Muestra; R1 y R2, 
Reactivos; P, Bomba peristáltica; RC, Reactor; IV, Válvula de inyección; D, Detector; W, Desecho. 
(a) 
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Modalidad de flujo interrumpido. Dentro del desarrollo de sistemas continuos 
de análisis basados en la inyección en flujo existen modalidades que hacen uso de la 
inyección controlada de muestra y reactivos en la modalidad de confluencia de zonas, 
así como de la parada del flujo cuando el bolo de reacción alcanza la zona de 
detección. El flujo se interrumpe por parada de la bomba a un tiempo perfectamente 
prefijado, de tal manera que el progreso de la reacción se puede monitorizar 
instrumentalmente mediante el registro continuo de la evolución de la señal analítica. 
Se trata pues de la modalidad FIA de flujo interrumpido (“Stopped-Flow FIA”), en la 
que, después de un tiempo de parada, la bomba peristáltica se pone de nuevo en 
marcha [32].  
Una alternativa utilizada en esta Memoria ha sido la modalidad de flujo 
interrumpido no cinético, que consiste en que la parada del bolo de reacción no se 
produce cuando éste llega al detector, sino en otra zona previa del sistema de flujo 
denominada “zona de reacción”. El principal objetivo es aumentar el tiempo de 
residencia del bolo de reacción, lo que conlleva una mejora sustancial de la señal 
analítica sin aumento apreciable de la dispersión. Se consigue así una mayor evolución 
de la reacción química, lo que se traducirá en una mejora de la sensibilidad analítica. 
La señal FIA obtenida presentará un perfil similar al del FIA normal [33]. 
Aunque la utilización de la modalidad de flujo interrumpido, cinético o no, 
supone una mayor complicación técnica, como es la necesidad de incorporar un 
temporizador electrónico o un microprocesador para controlar el funcionamiento de la 
válvula de inyección y de la bomba peristáltica, esta modalidad aporta importantes 
ventajas, entre las que cabe destacar: 
a) Sensibilidad. La manipulación de las características geométricas e 
hidrodinámicas del sistema de flujo, así como la elección de los tiempos previos y de 
parada, permiten seleccionar unas condiciones de trabajo óptimas para conseguir un 
nivel de sensibilidad superior a la obtenida en los métodos FIA convencionales. 
b) Seguridad. El método de flujo interrumpido puede ofrecer un mayor nivel de 
confianza que los métodos FIA convencionales, en los que no se ponen en evidencia 
perturbaciones asociadas al desarrollo cinético como son el período de inducción o la 
falta de linealidad. 
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c) Selectividad. En general, un método cinético de análisis presenta un menor 
grado de interferencia (tanto en número como en nivel) que un método analítico en 
equilibrio. En este sentido, la modalidad FIA de flujo interrumpido cinético mejora la 
selectividad, especialmente debido a la eliminación de la contribución del blanco. 
 d) Información. Los métodos FIA de flujo interrumpido proporcionan un mayor 
grado de información analítica que los métodos FIA convencionales. Así, por ejemplo, 
es posible optimizar fácilmente la relación reactivo/analito para obtener respuestas 
lineales con una mayor sensibilidad analítica.  
 Al igual que otras técnicas analíticas, como cromatografía de líquidos y de gases 
y electroforesis capilar, el desarrollo de la técnica de análisis por inyección en flujo ha 
evolucionado hacia la miniaturización, lo que aporta diversas ventajas que se 
comentarán más adelante. 
 Sistemas microfluídicos 
Los sistemas microfluídicos constituyen un campo de investigación 
multidisciplinar relativamente reciente basado en el comportamiento de los fluidos en 
una escala micrométrica [34]. Dentro de la Química Analítica, el desarrollo de sistemas 
microfluídicos miniaturizados que permitan la determinación de una manera rápida y 
automatizada, con una alta frecuencia de muestreo y con el mínimo consumo de 
muestra y de reactivos, ha despertado gran interés en los últimos años. No obstante, 
una limitación frecuente en los métodos analíticos basados en estos sistemas es su 
escasa sensibilidad, especialmente en los que utilizan detectores ópticos. 
La tendencia más actual en el uso de dispositivos microfluídicos en Química 
Analítica es el diseño de sistemas en los que se integren las diferentes etapas del 
procedimiento analítico en un único dispositivo con el objetivo de hacerlo portátil. 
Estos sistemas son conocidos como “lab-on-a-chip” o “micro-total-analysis-systems” 
(μ-TAS) [35]. No obstante, la incorporación de estos sistemas en el análisis de rutina 
requiere superar aún algunos retos como son la miniaturización sistemática del 
equipamiento asociado, tal como fuentes de energía, unidades externas y conexiones. 
El primer dispositivo microfluídico descrito fue un cromatógrafo de gases 
miniaturizado, desarrollado en la Universidad de Stanford a finales de los años 70 [36]. 
Desde entonces, el desarrollo de la tecnología para dispositivos microfluídicos ha ido 
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progresando, especialmente en las áreas de la electroforesis capilar y la cromatografía 
de líquidos. Las investigaciones correspondientes se han desarrollado  principalmente 
en cuatro laboratorios pertenecientes a los grupos de investigación de Manz [37, 38], 
Harrison [39-41], Ramsey [42, 43] y Mathies [44, 45].  
Se han descrito distintas técnicas para la construcción de dispositivos 
microfluídicos, siendo la mayoría de ellas fabricadas haciendo uso de tecnología 
derivada de la microelectrónica. Inicialmente se utilizaron las técnicas fotolitográficas 
desarrolladas para el silicio y el vidrio. Posteriormente hubo una gran expansión en la 
fabricación de nuevos materiales, especialmente polímeros [46-49], siendo los más 
comúnmente utilizados el polidimetilsiloxano (PDMS) y el polimetilmetacrilato 
(PMMA). Estos materiales son más económicos y los canales se pueden formar por 
simple moldeado, aunque tienen como inconveniente la incompatibilidad con 
disolventes orgánicos en algunas ocasiones. Los dispositivos microfluídicos construidos 
en tóner y en papel también han surgido como materiales prometedores para la 
realización de análisis en chip a bajo coste [50].  
Una modalidad de análisis que se ha adaptado a los sistemas microfluídicos es 
el análisis por inyección en flujo, originando el µ-FIA [51]. Normalmente se emplea un 
chip que actúa como reactor, en el cual confluyen dos canales, acoplándose 
externamente otros dispositivos e instrumentos como un sistema de impulsión 
(bomba de jeringas), válvulas y sistema de detección, como se esquematiza en la 
Figura 5. Paulatinamente se está evolucionando hacia la integración de todos los 
elementos para poder hacerlos portátiles y automáticos. En los sistemas microfluídicos 
se producen fenómenos diferentes a los que tienen lugar a mayores dimensiones, 
como consecuencia principalmente del flujo laminar en los canales, como se ha 
comentado anteriormente, por lo que los reactivos y analitos se mezclan por difusión.  
Hasta ahora, la electroforesis en chip  es la técnica de separación que más se ha 
desarrollado en sistemas microfluídicos, ya que consigue separaciones muy rápidas y 
con buena eficiencia [52]. Esta modalidad fue introducida por el grupo de Harrison y 
Manz en  1992 [53] y se puede desarrollar eficientemente en dispositivos 
microfluídicos debido a que la disipación del calor es mejor en el formato en chip que 
en el capilar del mismo material, consiguiendo un mayor control, debido al menor 
tamaño de muestra. 
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Figura 5. Esquema del µ-FIA. BJ: bomba de jeringas, VI: válvula de inyección, D: detector, d: 
desecho. 
 
La Figura 6 A muestra un diseño de un dispositivo de electroforesis en forma de 
t, en el que existen dos entradas, SI (sample inlet) y BI (buffer inlet), para introducir 
muestra y búfer electroforético respectivamente, y las correspondientes salidas, SO 
(sample outlet) y BO (buffer outlet). El flujo de la muestra transcurre en un primer 
paso en una dirección para realizar la inyección y, a continuación, cambian los 
potenciales produciéndose la separación a lo largo del canal de mayor longitud. La 
inyección de la muestra es el primer paso en la electroforesis en chip, siendo la 
electrocinética la elección más común [54]. La Figura 6 B esquematiza los modos de 
inyección más comúnmente utilizados, donde las flechas indican la dirección de los 
flujos de la muestra y del búfer electroforético. En el modo denominado “gated 
injection” la muestra fluye y llena los canales de SI y SO, perpendiculares entre sí. La 
inyección de la muestra se realiza disminuyendo o eliminando el potencial en BI 
durante un breve periodo de tiempo de microsegundos, permitiendo la migración de la 
muestra al canal de separación. Transcurrido ese breve periodo de tiempo se aplica de 
nuevo un potencial en BI. Con este modo se inyectan volúmenes de muestra 
proporcionales al voltaje aplicado y a la duración del proceso [55].  
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Figura 6. (A) Diseño básico de un de microchip electroforético. (B) Esquemas de los modos de inyección 
utilizados para la electroforesis en chip. SI: sample inlet, SO: sample outlet, BI: buffer inlet, BO: buffer 
outlet. 
El modo denominado “pinched injection” confina la muestra en la intersección 
del chip, obteniendo un volumen de inyección constante [56]. La muestra llena los 
canales Si, y SO, situados en este caso uno enfrente del otro. Para trasvasar el pequeño 
volumen de muestra al canal de separación se aplica un campo eléctrico en BI mayor 
que en SI y SO, evitando así que toda la muestra existente en el canal de inyección 
penetre en el canal de separación.  
El diseño del microchip más comúnmente utilizado en forma de t puede estar 
sujeto a modificaciones en función de las necesidades del análisis a realizar. Así se han 
(A) 
(B) 
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desarrollado dispositivos con un microcanal adicional con el fin de llevar a cabo una 
derivatización post-columna [57] o para poder integrar la síntesis química y el análisis 
en un solo chip [58]. 
La modificación de la superficie del microcanal en la electroforesis en chip es  
de gran utilidad y en algunos casos imprescindible por dos razones. La primera es la 
estabilización del flujo electroosmótico con el fin de mejorar la reproducibilidad en las 
separaciones y, la segunda, es la reducción de la adsorción de ciertos analitos en las 
paredes del microcanal, tales como aminoácidos o proteínas. Para ello se han diseñado 
varias técnicas de recubrimiento, tanto de manera dinámica como permanente [59].  
 Las reducidas dimensiones del microcanal son un factor limitante en las 
metodologías con detección óptica, lo que constituye un reto para conseguir una 
óptima sensibilidad con volúmenes pequeños. Por ello, aunque se han publicado 
diversos artículos en los que se desarrollan metodologías con sistemas detección 
óptica en la zona del UV, es necesaria una modificación del chip para aumentar el paso 
óptico. La fluorimetría es el sistema de detección más usado, empleando radiación 
láser como fuente de excitación para mejorar la sensibilidad. La espectrometría de 
masas tiene la ventaja de no necesitar materiales ópticamente transparentes siendo 
una técnica cuyo uso es cada vez más frecuente aunque requiere, por ejemplo, 
interfases adecuadas. El acoplamiento del dispositivo microfluídico con el detector es 
un aspecto limitante, aunque se ha mejorado notablemente en los últimos años el 
desarrollo de interfases, especialmente en ionización por electrospray (ESI), 
desorción/ionización láser asistida por matriz (MALDI) y  plasma inductivamente 
acoplado (ICP) [60]. Por otra parte, la detección electroquímica en los dispositivos 
microfluídicos aventaja a la detección óptica debido a que la señal adquirida es 
independiente de la longitud del paso óptico, permitiendo así la miniaturización de 
electrodos sin pérdida de sensibilidad. Además, los microelectrodos pueden fabricarse 
directamente en el chip empleado técnicas fotolitográficas, consiguiendo así un 
sistema totalmente integrado de separación y detección [61].  
 Por último, cabe indicar que el uso de nanomateriales como herramientas 
analíticas en sistemas microfluídicos para la mejora de las distintas etapas del proceso 
analítico es un campo de investigación muy novedoso y de gran utilidad. En el Capítulo 
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IV de esta Memoria se discuten ampliamente las ventajas que aportan distintos 
nanomateriales en estos sistemas miniaturizados. 
 
SISTEMAS DE DETECCIÓN 
Se describen sucintamente a continuación algunos aspectos básicos de los 
sistemas de detección utilizados en este Memoria 
Dispersión de la radiación 
La dispersión de la radiación es un fenómeno óptico que ha sido ampliamente 
utilizado como sistema de detección en los métodos analíticos, aunque recientemente 
ha aumentado el interés por su uso desde la introducción de nanomateriales en dichos 
métodos. 
Según el diámetro de las partículas que interaccionan con los fotones de la 
radiación y de la longitud de onda de la radiación incidente, pueden distinguirse 
diferentes fenómenos de dispersión. La dispersión Rayleigh (d < 0.5 λ) la originan 
partículas cuyo diámetro medio es menor que la longitud de onda de la radiación, 
produciéndose una dispersión prácticamente simétrica en todas las direcciones. Al 
aumentar el tamaño de la partícula, la radiación dispersada se desplaza en el sentido 
de la radiación transmitida, dando lugar a las dispersiones Tyndall (d ~ λ) y Mie (d >> 
λ). Existen otros fenómenos en los que, además de la dispersión, se produce un cambio 
en la frecuencia de la radiación, como ocurre en el efecto Raman. 
Las dos técnicas clásicas basadas en el fenómeno de la dispersión sin cambio de 
frecuencia son la turbidimetría y la nefelometría, cuya principal diferencia se 
encuentra en la forma de realizar las medidas de dispersión. En turbidimetría se 
obtiene la relación entre la intensidad de la radiación transmitida y la intensidad de la 
radiación incidente, mientras que en nefelometría se mide la radiación dispersada que 
forma un ángulo (≤ 90º) con respecto a la radiación incidente. En general, los límites de 
detección que se consiguen con nefelometría son más bajos. Estas técnicas son 
ampliamente utilizadas en el laboratorio clínico como sistemas de detección en 
métodos inmunoquímicos para la determinación de proteínas, tales como ferritina [62] 
y fibrina soluble [63].  
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La técnica de dispersión de radiación resonante o “resonance-light scattering” 
(RLS) utiliza un espectrofluorímetro convencional en el que se realiza el barrido 
simultáneo de los monocromadores de excitación y emisión con un Δλ= 0 [64], 
obteniendo una señal intensa en las proximidades de la zona de máxima absorción de 
una especie que presente propiedades absorbentes. La radiación dispersada en estas 
condiciones puede considerarse que sigue la teoría Rayleigh, en la que se considera 
que todos los electrones en una partícula oscilan con la misma fase y frecuencia que la 
onda electromagnética incidente y su oscilación colectiva da lugar a un gran momento 
dipolar eléctrico oscilante que origina radiación dispersada. No obstante las señales 
RLS obtenidas con un espectrofluorímetro pueden incluir, además de la dispersión 
Rayleigh, otros tipos de dispersión de radiación como las dispersiones Mie y Tyndall. 
Esta técnica es muy simple y se ha aplicado a la determinación de sustancias  
que forman agregados moleculares con un cromóforo, por ejemplo, heparina con azul 
de metileno [65], albúmina con rojo de pirogalol [66] y ácidos nucleicos con morina 
[67]. Actualmente tiene un gran interés para la monitorización de fenómenos de 
agregación utilizando AuNPs o AgNPs, cuyo tamaño es menor de 20 veces la longitud 
de onda de la radiación incidente. Estas NPs presentan absorción en la región visible, 
con un desplazamiento batocrómico al producirse su agregación. La utilidad de este 
fenómeno se ha puesto de manifiesto en inmunoensayo y en estudios de hibridación 
de ácidos nucleicos [9]. 
Quimioluminiscencia  
La quimioluminiscencia consiste en la emisión de radiación electromagnética 
(UV, visible o infrarroja) a partir de una reacción química. En general, una reacción 
quimioluminiscente puede ser desarrollada mediante dos mecanismos básicos, como 
se muestra en la Figura 7. En el primer mecanismo, un precursor quimioluminiscente 
(A) y un agente oxidante (B) generan un producto en su estado excitado (C*), el cual a 
continuación pasa a su estado fundamental emitiendo un fotón mediante 
quimioluminiscencia directa. En el segundo mecanismo, denominado 
quimoluminiscencia sensibilizada, la reacción entre A y B genera un producto en un 
estado intermedio (C*), el cual transfiere su energía a un fluróforo (F) que a 
continuación emite un fotón.  
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La principal característica de este proceso es que la excitación se produce 
mediante una reacción química, por lo que no es necesaria una fuente externa de 
excitación. Además, la intensidad de emisión es función de la concentración de las 
especies químicas implicadas en la reacción quimioluminiscente, por lo que las 
medidas de esta intensidad de emisión pueden emplearse con fines analíticos. 
Asimismo, analitos capaces de inhibir o activar la reacción quimioluminiscente, así 
como de modificar la concentración de reactivo o catalizador, pueden cuantificarse de 
manera indirecta.  
              
Figura 7. Esquema genérico de los tipos de reacciones quimioluminiscentes. (A) Quimioluminiscencia 
directa. (B) Quimioluminiscencia sensibilizada. 
 Por otro lado, el proceso quimioluminiscente es dinámico debido a que la 
intensidad de la luz producida varía con el tiempo. El tiempo en el que se desarrolla la 
quimioluminiscencia depende del tipo de reacción, pudiendo variar desde los 
miliegundos hasta horas. En general, se manifiesta como una curva de crecimiento-
decaimiento semejante a la mostrada en la Figura 8. 
 
      
 
 
 
 
 
 
 
 
Figura 8. Perfil característico de la emisión quimoluminiscente. 
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 Las ventajas del uso de la quimioluminiscencia en Química Analítica incluyen 
elevada sensibilidad y amplio intervalo dinámico de la calibración. La elevada 
sensibilidad es debida a la ausencia de una fuente de excitación, lo que reduce o 
elimina la radiación Raman y Raileigh, además del ruido asociado a la fuente, 
mejorando la relación señal-ruido respecto a la fluorescencia [68].  
El luminol (5-amino-2,3-dihidroftalazina-1,4-diona) y los peroxioxalatos son los 
compuestos más utilizados como precursores quimioluminiscentes en análisis. El 
luminol  produce quimioluminiscencia directa al oxidarse en medio básico produciendo 
el ión aminoftalato en su estado excitado, el cual emite radiación a una longitud de 
onda de 425 nm al volver al estado fundamental. La reacción quimioluminiscente del 
luminol requiere la adición de catalizadores, tales como la enzima peroxidasa de 
rábano, cationes metálicos (Cu(II), Co(II), Cr(III), Fe(II), etc) o sus complejos (ferroceno y 
ferricianida) [69].  
La quimioluminiscencia de peroxioxalatos es otro tipo de reacción de interés en 
Química Analítica. Se refiere a la emisión de radiación producida cuando el peróxido de 
hidrógeno reacciona con un derivado activo del ácido oxálico en presencia de una 
sustancia fluorescente. Esta es una reacción quimioluminiscente indirecta debido a 
que la luz es emitida por un fluoróforo que recibe la energía proveniente de un 
intermediario muy energético, el cual se forma durante la reacción. 
Además, en años recientes el estudio de los sistemas qumioluminiscentes se ha 
extendido con el uso de NPs para mejorar la sensibilidad de los correspondientes 
métodos, debido principalmente a la gran área superficial de los nanomateriales. Se ha 
descrito la utilidad de las NPs metálicas, principalmente de oro, plata, bimetálicas, 
semiconductoras o magnéticas, mediante su uso como catalizadores o aceptores de 
energía [70]. 
 
 
Luminiscencia sensibilizada de lantánidos 
Los iones lantánidos, especialmente Tb(III) y Eu(III), forman quelatos con 
ligandos multidentados, principalmente con grupos dadores de oxígeno cargados 
negativamente, que presentan especiales propiedades luminiscentes en disolución 
debido a un proceso de transferencia de energía intramolecular desde el estado 
   Introducción 
 
27 
 
triplete excitado del ligando al ion lantánido. Constituye un proceso de luminiscencia 
sensibilizada muy rápido ya que el lantánido está unido al ligando mediante enlace 
coordinado [71]. 
Aunque podría considerarse que la luminiscencia sensibilizada de lantánidos es 
un tipo especial de fosforescencia sensibilizada a temperatura ambiente, existen 
diferencias básicas entre ambos procesos debido a que el primero es intramolecular y 
el segundo es intermolecular. En este último, una especie con una estructura capaz de 
presentar un cruce entre sistemas eficaz desde el estado singlete excitado al triplete 
excitado, puede transferir su energía desde este estado a un compuesto como 
biacetilo o 1,4-dibromonaftaleno, el cual se excita pasando al estado triplete, con la 
consiguiente emisión de fosforescencia. Debido a que se trata de un proceso 
intermolecular en disolución, el oxígeno puede inhibir fácilmente los estados tripletes 
del dador y del aceptor por lo que es esencial la desoxigenación del medio. Por el 
contrario, el carácter intramolecular de la luminiscencia sensibilizada de lantánidos 
hace que el proceso sea menos susceptible a la inhibición colisional del estado triplete 
del dador por el oxígeno. Algunas de las razones que justifican la aplicabilidad analítica 
de esta técnica son las siguientes: 
1) Los iones lantánidos presentan una buena estabilidad y su toxicidad es 
baja, ya que tienen una escasa absorción en el tracto gastrointestinal e 
incluso, aunque se inyecten, no pueden penetrar en las células. 
2) Pueden formar quelatos muy luminiscentes debido a los procesos 
anteriormente indicados de transferencia de energía desde el ligando al 
lantánido. Estos procesos dan lugar a que los quelatos presenten un gran 
desplazamiento Stokes evitando problemas de solapamiento entre las 
bandas de excitación y emisión, tales como los que presentan fluoróforos 
convencionales como la fluoresceína y que obliga a reducir el ancho de 
banda de las rendijas, con la consecuente reducción de la señal 
fluorescente. 
3) La emisión presenta una gran selectividad espectral con bandas de emisión 
muy estrechas, debido a que este proceso se produce a través de los 
niveles resonantes del ión lantánido. 
28 
 
4) También presentan una buena selectividad temporal debido a la 
relativamente larga duración de la emisión de algunos quelatos lantánidos, 
lo que permite realizar la medida analítica mediante el modo de tiempo 
resuelto, cuando la emisión de interferentes fluorescentes se ha anulado. 
Esta característica también mejora la sensibilidad ya que la medida se 
puede realizar mediante la integración de la señal durante un tiempo 
determinado.  
5) La emisión se produce a longitudes de onda relativamente largas, a 
diferencia de las bandas que presentan la fluorescencia de fondo de la 
muestra, las cuales aparecen a menores longitudes de onda. 
Para que se produzca una transferencia de energía eficaz desde el ligando-
analito al ión lantánido deben cumplirse los siguientes requisitos: 1) las transiciones no 
radiantes del ligando (S1  S0 o T1 T0) deben se mínimas; 2) la energía del nivel de 
resonancia del ión lantánido debe ser ligeramente inferior a la del estado triplete 
excitado del ligando, de forma que exista una elevada probabilidad de que se produzca 
la transferencia de energía; y 3) no deben producirse transiciones no radiantes del ión 
lantánido excitado. 
Existen diversos factores, tales como el uso de agentes sinergéticos, 
tensoactivos, pH, co-luminiscencia y átomos pesados, que contribuyen a que se 
cumplan estos requisitos [71]. Por ejemplo, debido al elevado número de coordinación 
del Tb(III), al formar quelatos con ciertos ligandos pueden quedar sitios de 
coordinación libres que pueden ser ocupados por moléculas de agua, lo que favorece 
la inhibición de la luminiscencia debido a procesos de desactivación no radiantes. Este 
efecto negativo se evita utilizando un segundo ligando que desplaza a las moléculas de 
agua de la esfera de coordinación del ión lantánido, ejerciendo un efecto sinergético 
en la luminiscencia sensibilizada. Con este fin se utilizan aminopolicarboxilatos y el 
óxido de tri-n-octil fosfina (TOPO) ya que tienen fuertes propiedades coordinantes y 
pueden llenar los huecos vacios de la esfera de coordinación del lantánido. La 
presencia de tres cadenas octilo dadoras en la molécula de TOPO protege tanto al 
Tb(III) como al ligando de posibles colisiones que originen desactivaciones no 
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radiantes. La presencia de tensoactivos en el sistema también protege al quelato de 
procesos de inhibición. 
Las especiales características de la luminiscencia sensibilizada de terbio han 
dado lugar a un elevado número de métodos para la determinación de compuestos 
orgánicos basados en la formación de quelatos estables con analitos-ligandos que 
contienen átomos de oxígeno cargados negativamente. Así, se ha demostrado su 
utilidad para la determinación de fluoroquinolonas [72], ácidos mefenámico y 
tolfenámico [73], ácido salicílico [74], flavonoides [75] e ibuprofeno [76]. También se 
ha descrito su aplicabilidad en bioensayos, tales como el inmunoensayo [77], 
existiendo ensayos comerciales como el sistema DELFIA [78]. Además, se ha 
demostrado recientemente la utilidad de las NPs de Tb4O7 usando luminiscencia 
sensibilizada como sistema de detección para la determinación de lasalocid y salicilato, 
obteniéndose límites de detección comparables a los descritos utilizando el ión Tb(III) 
en disolución [79]. 
Fluorescencia inducida por láser (LIF) 
Las fuentes de radiación láser desempeñan una función destacable en las 
técnicas espectroscópicas luminiscentes debido, fundamentalmente, a la forma en que 
las propiedades inherentes al láser influyen en las características analíticas de las 
metodologías desarrolladas con su auxilio. Durante las últimas décadas se han descrito 
diferentes métodos analíticos para la determinación de compuestos de interés en 
muestras complejas, tanto en el ámbito ambiental como en el control de procesos 
industriales.  
El desarrollo de la fluorescencia inducida por láser (LIF) conlleva la introducción 
de una serie de peculiaridades técnicas que la hacen claramente diferente a las 
técnicas luminiscentes consideradas convencionales. Entre otras cabe destacar a las 
siguientes:  
a) Debido a la monocromaticidad característica de la radiación láser, no se 
requiere monocromador de excitación, estando limitado el poder de resolución 
de esta fuente a la anchura de la transición de absorción. El uso de láseres 
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sintonizables proporciona una mayor versatilidad a la selección de la longitud 
de onda de estos dispositivos. 
b) La instrumentación requerida debe contar con los dispositivos apropiados 
capaces de eliminar fácilmente la radiación dispersada generada a la longitud 
de onda de excitación. 
c) Los límites de detección alcanzados en LIF son más bajos que los conseguidos 
con fluorescencia convencional, ya que la intensidad de la radiación emitida es 
proporcional a la de a fuente de excitación. Sin embargo, como la intensidad de 
fondo crece de forma similar, no siempre se adquiere una mejora sustancial en 
la señal neta. En este sentido, la dispersión Raman de los disolventes 
empleados puede constituir un problema adicional.  
d) La irreproducibilidad en la adquisición de la señal analítica puede estar 
influenciada en gran medida por la inestabilidad en el parpadeo del láser, si 
este es considerado como punto de referencia en el control del sistema de 
detección integral. 
e) La utilización de láseres pulsados posibilita el desarrollo de procedimientos de 
resolución temporal. De esta forma se pueden eliminar señales debidas a la 
dispersión Raman, que solo aparecen mientras dura el pulso de excitación, o a 
intereferentes con tiempo de vida corto. Mediante la monitorización de la 
variación de la luminiscencia con en el tiempo puede medirse la emisión 
luminiscente a diferentes tiempos de la curva cinética de decaimiento 
exponencial, lo que mejora la selectividad del método analítico. Por otra parte, 
la utilización de dispositivos de detección ultrarrápidos permite la 
monitorización de la fluorescencia y luminiscencia de tiempo resuelto. 
f) La coherencia y direccionabilidad de la radiación láser permite su focalización 
hacia espacios muy limitados y trabajar con volúmenes muy pequeños de 
muestra (incluso del orden de nanolitros). De hecho, las aplicaciones de la LIF 
más significativas se basan en el acoplamiento de esta fuente de radiación con 
1) sistemas de análisis continuo, 2) técnicas de separación como la 
cromatografía de líquidos (LC) y la electroforesis capilar, y 3) con dispositivos 
microfluídicos, como se describe en esta Memoria. 
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El objetivo fundamental del acoplamiento del láser con sistemas de separación 
es la mejora sustancial de la sensibilidad analítica. Tao y Kennedy [80] establecieron en 
1998 una primera revisión en este ámbito. Posteriormente se han publicado otras 
revisiones que abarcan su uso en electroforesis capilar principalmente [81-84], además 
de cromatografía de líquidos [85], así como los desarrollados en dispositivos 
microfluídicos [86].  En este sentido se han introducido mejoras instrumentales cuyos 
objetivos han sido: (a) reducir al máximo la dispersión de la radiación, tanto de tipo 
Rayleigh como Raman, (b) mejorar sustancialmente la energía efectiva del láser para la 
excitación/detección, de forma que el enfoque del láser se dirija hacia puntos muy 
concretos de la zona de detección (célula de flujo, capilar o microcanal) mediante la 
incorporación de elementos focalizadores de alta eficacia, como pueden ser 
microobjetivos de gran apertura numérica y muy baja aberración y, finalmente, (c) 
permitir una recogida efectiva de la señal emitida [87]. Un aspecto a tener en cuenta 
es que radiaciones de excitación demasiado intensas pueden provocar fenómenos de 
fotodescomposición de los analitos o de los reactivos fluorogénicos, lo que 
adicionalmente conlleva a una disminución sustancial de la señal analítica. 
Otra forma de mejorar la sensibilidad en sistemas de separación acoplados con LIF 
consiste en potenciar y desarrollar nuevas vías de derivatización y generación de 
fluoróforos con elevado rendimiento cuántico, que contribuyan a alcanzar límites de 
deteccción muy bajos sin que se produzcan fenómenos de fotodescomposición de los 
analitos debidos a la energía del láser. En este sentido, la principal limitación de estos 
sistemas no es la capacidad de respuesta del detector, sino la obtención de productos 
de derivatización con un aceptable rendimiento cuántico de fluorescencia [88].  
Finalmente, no se debe obviar la importante contribución del láser como fuente de 
excitación en el desarrollo de técnicas de tiempo resuelto en las que la duración de la 
fluorescencia oscila entre los nanosegundos y los picosegundos. Fundamentalmente se 
han usado láseres pulsados con operatividad suficiente para generar pulsos de 
excitación de femtosegundos que, a su vez, deben estar perfectamente sincronizados 
con dispositivos de detección rápida y que permitan captar de forma modulada las 
señales de caida de la fluorescencia [89]. 
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SOFTWARE DE ENTORNO GRÁFICO PROGRAMABLE  (LabVIEW) 
LabVIEW constituye un excelente sistema de programación gráfica para 
aplicaciones que involucren adquisición, control, análisis y presentación de datos. Las 
ventajas que proporciona el empleo de LabVIEW se resumen en las siguientes: 
- Se reduce el tiempo de desarrollo de las aplicaciones, ya que es muy 
intuitivo y fácil de aprender. 
- Dota de gran flexibilidad al sistema, permitiendo cambios y 
actualizaciones tanto del hardware como del software. 
- Da la posibilidad a los usuarios de crear soluciones completas y 
complejas. 
- Con un único sistema de desarrollo se integran las funciones de 
adquisición, tratamiento y presentación de datos. 
- El sistema está dotado de un compilador gráfico para lograr la máxima 
velocidad de ejecución posible. 
- Tiene la posibilidad de incorporar aplicaciones escritas en otros 
lenguajes. 
 LabVIEW es un entorno de programación destinado al desarrollo de 
aplicaciones, similar a los sistemas de desarrollo comerciales que utilizan el lenguaje C 
o BASIC. Sin embargo, LabVIEW se diferencia de dichos programas en un importante 
aspecto: los citados lenguajes de programación se basan en líneas de texto para crear 
el código fuente del programa, mientras que LabVIEW emplea la programación gráfica 
o lenguaje G para crear programas basados en diagramas de bloques.   
Para el empleo de LabVIEW no se requiere gran experiencia en programación, 
ya que se emplean iconos, términos e ideas familiares en la investigación científica, y 
se apoya sobre símbolos gráficos en lugar de lenguaje escrito para construir las 
aplicaciones. Por ello resulta mucho más intuitivo que el resto de lenguajes de 
programación convencionales. 
 LabVIEW posee extensas librerías de funciones y subrutinas. Además de las 
funciones básicas de todo lenguaje de programación, LabVIEW incluye librerías 
específicas para la adquisición de datos, control de instrumentación VXI, GPIB y 
comunicación serie, análisis, presentación y almacenamiento de datos. LabVIEW 
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también proporciona potentes herramientas que facilitan la depuración de los 
programas.  
 
ANTECEDENTES BIBLIOGRÁFICOS DE LAS ESPECIES UTILIZADAS COMO 
ANALITOS EN LOS MÉTODOS DESARROLLADOS 
Para el desarrollo de los métodos que se presentan en esta Memoria se han 
utilizado compuestos tiólicos y dos tipos de antibióticos, aminoglucósidos y 
fluoroquinolonas. A continuación se describen brevemente diversos aspectos 
relacionados con estos compuestos y se comentan algunos métodos previamente 
descritos para su determinación. 
Compuestos tiólicos y derivados 
La determinación de compuestos tiólicos es de interés debido a su participación 
y presencia en procesos biológicos, a su capacidad antioxidante y a las diferentes 
funciones que desarrollan en el organismo, tales como la participación en el ciclo 
metabólico de la metionina y en la síntesis de proteínas [90, 91]. Además, la alteración 
de los niveles normales de estos compuestos tiólicos en el organismo se ha 
relacionado con diversas patologías, tales como hiperinsulinemia [92] y estrés 
oxidativo en el cerebro [93].  
En la Figura 9 se muestran las estructuras químicas de los compuestos tiólicos 
que se han abordado en esta Memoria.  Estos derivados del azufre de bajo peso 
molecular, se caracterizan por contener un grupo tiol (-SH) que les confiere un carácter 
reductor. También se han utilizado compuestos que incluyen puentes disulfuro (-S-S), 
como la homocistina, y derivados tioéter como la metionina.  Los compuestos tiólicos 
pueden encontrarse en su forma oxidada o reducida, ya que fácilmente puede 
oxidarse el grupo tiol en presencia de un aceptor de electrones, dando lugar a la 
formación de puentes disulfuro (-S-S-). 
Dos de los compuestos tiólicos estudiados en esta Memoria son la N-
acetilcisteína y el ácido tioglicólico. La N-acetilcisteína presenta actividad 
antimucolítica útil en la limpieza de las vías respiratorias [94]. Además, la capacidad 
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antioxidante del grupo tiol se ha utilizado para el tratamiento de enfermedades 
relacionadas con la producción de radicales libres y el daño oxidativo tisular [95]. Por 
su parte, el ácido tioglicólico, o ácido mercaptoacético, se emplea en cosmética, como 
producto para el alisamiento del cabello y en formulaciones de cremas depilatorias. Su 
mecanismo de actuación se basa en su actividad como agente reductor de las fibras de 
queratina del cabello, rompiendo sus enlaces disulfuro. Este mecanismo redox ha sido 
estudiado mediante espectroscopía FT-Raman [96]. 
 
 
 
 
 
 
 
 
          
 
 
 
Figura 9. Estructuras químicas de los compuestos tiólicos y derivados estudiados. 
 
Las técnicas más comúnmente utilizadas para la determinación de estos 
compuestos son la cromatografía de líquidos y la electroforesis capilar. Sin embargo, la 
estructura química de los tioles impide su determinación sin derivatización mediante  
técnicas espectroscópicas de absorción y emisión, siendo necesaria la adición de una 
molécula cromófora o fluorófora. En los últimos años se han publicado varios artículos 
de revisión que discuten los métodos de determinación de tioles incluyendo una etapa 
de derivatización [91, 97-100]. La actividad electroquímica de los tioles ha facilitado la 
utilización de la detección amperométrica como alternativa a la detección óptica 
previa derivatización. En este sentido, se han descrito métodos de determinación que 
presentan límites de detección más bajos que los alcanzados mediante el uso de 
detectores ópticos. Sin embargo, la utilización de las técnicas amperométricas se ha 
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visto limitada por falta de disponibilidad de instrumentación comercial, así como por 
las dificultades en la selección de un potencial adecuado en los electrodos de trabajo 
[99]. 
La fuerte interacción entre el azufre presente en los compuestos tiólicos y las 
AuNPs origina modificaciones en el plasmón de resonancia superficial de éstas. Esta 
interacción se ha utilizado para la monitorización de compuestos tiólicos basada en el 
efecto batocrómico que produce la agregación de las NPs. Se han aprovechado los 
cambios en las propiedades ópticas de estos agregados para llevar a cabo la 
determinación de compuestos tiólicos mediante fotometría [101] o mediante medidas 
de la dispersión de la radiación [102]. Bajo determinadas condiciones experimentales 
se pueden conseguir respuestas selectivas de estas NPs hacia ciertos compuestos 
tiólicos [103]. Sin embargo, para su determinación en matrices complejas son 
necesarias las técnicas de separación, habiéndose descrito el uso de las AuNPs como 
reactivos en sistemas de detección post-columna [104]. 
Aminoglucósidos 
Los aminoglucósidos constituyen una clase de antibióticos que contienen dos o 
más aminoazúcares unidos por enlaces glucosídicos a un componente aminociclitol. En 
la mayoría de los casos, el derivado aminociclitol consiste en una 2-
desoxiestreptamina, excepto para la estreptomicina, la cual tiene una fracción de 
estreptidina. Las dos subclases más usadas dentro del grupo de los aminoglucósidos 
son la desoxiestreptamina sustituida en las posiciones 4 y 5 (como la neomicina) y la 
desoxiestreptamina sustituida en las posiciones 4 y 6 (como la gentamicina y la 
kanamicina) [105]. El mecanismo de acción de estos antibióticos se basa en la 
inhibición de la síntesis de las proteínas bacterianas a través de la unión irreversible 
con los ribosomas y cuyo resultado final es el daño estructural de la membrana celular. 
La Figura 10 muestra las estructuras químicas de los tres aminoglucósidos 
estudiados en esta Memoria: neomicina, amikacina y estreptomicina. Desde el punto 
de vista químico, estos compuestos se caracterizan por ser muy polares y solubles en 
agua. Además, otra característica es la ausencia de grupos cromóforos o fluoróforos en 
sus estructuras, lo que conlleva a que su determinación fotométrica se realice a 
longitudes de onda en la zona UV con muy poca selectividad [106]. El carácter oto- y 
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nefrotóxico de los aminoglucósidos ha reducido considerablemente su aplicabilidad 
terapéutica en humanos, junto con la mayor disponibilidad de otras clases de 
antibióticos como los β-lactámicos. Sin embargo, se utilizan frecuentemente en 
medicina veterinaria para el tratamiento de infecciones bacterianas como mastitis en 
ganadería, así como en profilaxis [107].  
 
          
 
Figura 10. Estructuras químicas de los antibióticos aminoglucósidos estudiados. 
Se han descrito diversas metodologías analíticas para la determinación de 
aminoglucósidos. Puede considerarse que la etapa de tratamiento de muestra es el 
cuello de botella en la mayoría de ellas, especialmente en el análisis de muestras de 
procedencia biológica o agroalimentaria. Se han llevado a cabo procedimientos de 
limpieza basados en la digestión alcalina de las proteínas presentes en las muestras 
empleando hidróxido sódico con recuperaciones próximas al 90 % [108]. Se han 
desarrollado métodos de separación mediante electroforesis capilar con detección 
fotométrica en el UV o en el visible previa derivatización [109]. También se ha descrito 
un método que emplea la cromatografía electrocinética micelar con detección 
fluorescente, mediante derivatización de los antibióticos con éster de succinimidil 
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sulfoindocianina (Cy5) y utilización de fluorescencia inducida por láser [110]. Asímismo 
cabe indicar el desarrollo de diversas metodologías de extracción, screening y 
separación [107], así como biosensores [111], para la determinación de estos 
compuestos en muestras de alimentos. 
Se han propuesto varios métodos mediante detección quimioluminiscente, 
basados principalmente en la inhibición [112-115] o el aumento [116] que producen 
estos compuestos en la intensidad de la señal proporcionada por la reacción entre el 
luminol y un oxidante. La reacción entre el luminol y el peróxido de hidrógeno, 
catalizada por el ión metálico Cu(II), ha sido la más empleada [114, 116, 117]. En este 
caso el antibiótico forma un complejo con el Cu(II), produciéndose la inhibición en la 
señal quimioluminiscente [119].  
 
Fluroquinolonas 
Las fluoroquinolonas son antibióticos que pertenecen a la clase de las 
quinolonas, con gran poder bactericida, tanto en bacterias Gram positivas como Gram 
negativas. Estos compuestos tienen un amplio espectro de actividad frente a ciertos 
patógenos responsables de infecciones que afectan al sistema urinario, al  
gastrointestinal y a las vías respiratorias, así como a las que originan enfermedades de 
transmisión sexual e infecciones de la piel [118, 119]. La primera quinolona utilizada 
fue el ácido nalidíxico, descubierto por Lesher en 1962 [120], pero el mayor avance 
ocurrió veinte años más tarde con la modificación que supuso la incorporación de un 
átomo de flúor en la posición C6 de la estructura molecular, dando lugar a las 
fluoroquinolonas [121]. El mecanismo de acción antibacteriana de estos compuestos 
se basa en la inhibición de la actividad ADN-girasa, que supone la alteración en la 
replicación y transcripción del ADN, llevando a la bacteria a su muerte [119].  
La estructura química de las fluoroquinolonas, excepto la de la flumequina, 
tiene en común un esqueleto de 4-oxo-1,1-dihridroquinolina, donde el grupo activo 
está formado por en un anillo de piridina unido a un grupo carboxilo, a un grupo 
piperanizilo y a un átomo de flúor, en las posiciones 3, 7 y 6, respectivamente [122]. La 
Figura 11 muestra las estructuras de las principales fluoroquinolonas estudiadas. 
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Figura 11. Estructuras químicas de fluoroquinolonas. 
El uso terapéutico en humanos de estos compuestos se introdujo en Europa y 
en Estados Unidos durante la década de los 80, siendo aprobado su uso terapéutico 
veterinario durante la década de los 90. Desde el punto de vista químico son estables a 
la hidrólisis y a altas temperaturas, aunque son sensibles a la radiación ultravioleta. Su 
presencia en el medio ambiente se debe a su excreción en forma activa tras una 
administración oral o parenteral [123]. Recientemente se ha descrito la presencia de 
estos compuestos en aguas superficiales y subterráneas, en efluentes y en suelos 
[124]. Por ello existe una preocupación por los efectos adversos que pueden producir 
en el medio ambiente, así como su incidencia en la fauna de los ecosistemas, debido al 
impacto que tendrán a largo plazo sobre los mismos. En 1996, la guía de la Agencia 
Europea de Medicamentos (EMEA) marcó un valor umbral de 0.1 mg/kg para residuos 
farmacéuticos de uso veterinario en suelo y de 0.1 mg/L en agua superficial [125]. 
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Cabe indicar que las directrices de evaluación del impacto ambiental para 
medicamentos de uso veterinario fueron publicadas en el año 2008 [126]. 
             Se han descrito diversos métodos para la determinación de fluoroquinolonas en 
muestras ambientales, biológicas, farmacéuticas y alimentarias, los cuales se han 
recogido en diferentes revisiones bibliográficas [122, 127-129]. Mayoritariamente se 
utiliza extracción en fase sólida y, en menor extensión, extracción líquido-líquido para 
la separación y preconcentración de estos analitos, seguida de cromatografía de 
líquidos o electroforesis capilar, usando sistemas de detección basados en fotometría, 
fluorimetría, técnicas electroquímicas o espectrometría de masas. Resulta interesante 
destacar que la determinación de las fluoroquinolonas puede llevarse a cabo midiendo 
su fluorescencia nativa [130]. Estos compuestos también pueden determinarse 
mediante luminiscencia sensibilizada de terbio, debido a la formación de quelatos en 
los que las fluoroquinolonas actúan como ligandos uniéndose a través de los oxígenos 
de su grupo carboxilo y cetónico al ión lantánido [71]. 
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El desarrollo de las investigaciones recogidas en la presente Memoria ha sido 
posible gracias al empleo de diversas herramientas analíticas, considerando como tales 
todos los elementos utilizados, incluyendo patrones, reactivos, disoluciones, aparatos 
e instrumentación. En los siguientes apartados de este capítulo se enumeran dichas 
herramientas junto con sus características más relevantes.  
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1. Estándares y reactivos 
Todos los reactivos y disolventes empleados fueron de calidad analítica. Se 
detallan a continuación los estándares de los analitos, reactivos y disolventes 
empleados. 
 
1.1. Estándares  
En la siguiente Tabla se relacionan los compuestos químicos utilizados como 
analitos en la Memoria, su pureza y las casas comerciales que los han suministrado. 
Compuesto Pureza Suministro 
Tioles y derivados N-acetilcisteína ≥ 99 % Sigma 
Cisteína ≥ 97 % Fluka 
Homocisteína ≥ 95 % Sigma 
Homocistina ≥ 98 % Sigma 
Ácido tioglicólico ≥ 97 % Sigma 
Glutatión ≥ 98 % Sigma 
Metionina ≥ 98 % Sigma 
Aminoglucósidos Neomicina - Fluka 
Estreptomicina ≥ 95 % Fluka 
Amikacina - Sigma 
Fluoroquinolonas Ciprofloxacino 99.9 % Riedel-de Haën 
Norfloxacino ≥ 98 % Sigma 
Enrofloxacino ≥ 99 % Fluka 
Flumequina ≥ 98 % Sigma 
Danofloxacino ≥ 98 % Fluka 
Difloxacino 98.4 % Riedel-de Haën 
Levofloxacino ≥ 98 % Fluka 
Lomefloxacino ≥ 98 % Sigma 
Marbofloxacino 98.9 % Fluka 
Ofloxacino 98.6 % Riedel-de Haën 
Ácido oxolínico ≥ 98 % Sigma 
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Para su correcta conservación, las disoluciones de todos los estándares 
preparados en medio acuoso se mantuvieron protegidas de la luz y a una temperatura 
de 4 ºC. Las diferentes disoluciones de trabajo fueron preparadas diariamente 
mediante dilución de las anteriores en disoluciones reguladoras de pH. 
1.2. Reactivos y disolventes 
- Nanopartículas de oro coloidal 0.01 %, de 20 nm de diámetro medio. 
- Ácido tetracloroáurico. 
- Sulfato de cobre. 
- Luminol.  
- Peróxido de hidrógeno al 33%. 
- Nitrato de terbio(III) pentahidrato. 
- Disoluciones reguladoras. Éstas se emplearon para ajustar el pH de las 
disoluciones para el óptimo desarrollo de las reacciones utilizadas. Las 
disoluciones reguladoras empleadas son acetato sódico, hidrogenocarbonato 
de sodio,  fosfato sódico e hidrogenoftalato de potasio. 
- Surfactantes: Tritón X‐100, dodecil sulfato de sodio (SDS) y bromuro de  
hexadeciltrimetilamonio (CTAB). 
- α-, β- y γ- ciclodextrina. 
- Hidroxipropilmetilcelulosa. 
- Ácidos y bases. Utilizados para el ajuste del pH de las muestras, favorecer los 
procesos de extracción y como disoluciones de lavado para la limpieza de los 
canales de los sistemas de medida en continuo. Caben destacar ácido 
clorhídrico, hidróxido sódico, ácido nítrico y agua regia. 
- Agua destilada y Milli-Q, para la preparación de las disoluciones. 
1.4. Materiales 
- Cartuchos de extracción en fase sólida HLB (Supelco). 
- Filtros de nylon y de celulosa de 0.45 μm de tamaño de poro, para el filtrado de 
muestras y disoluciones estándares. 
- Material de vidrio común en laboratorio. 
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2. Sistemas FIA 
Para el desarrollo de las reacciones usadas con fines analíticos en sistemas FIA se 
han utilizado los siguientes elementos:  
- Válvula de inyección VA-CN2 Cheminert (Valco, Teknokroma, Barcelona). 
- Válvula de inyección de baja presión y válvula de selección, ambas Reodhyne. 
- Bomba peristáltica de baja presión Gilson (Villiers‐le‐Bel, France) Minipuls 3. 
- Bomba de jeringas KDS220 (KD Scientific Inc., MA, USA). 
- Tubos de PTFE de 0,5 mm de diámetro interno para conducir las disoluciones, 
así como para fabricar los bucles y reactores necesarios.  
- Conectores de PTFE (Omnifit) para unir los tubos de conducción de los 
diferentes componentes del sistema de flujo. 
3. Dispositivos microfluídicos 
Los empleados para el desarrollo experimental han sido: 
- Microrreactor de dimensiones 12 x 24 mm y volumen interno de 6 µl, unido a 
un chipholder modelo 4515 (Micronit, The Netherlands). 
- Microchips de electroforesis modelo X-8050 y T-8050, el primero con canal de 
intersección simple y el segundo con mayor volumen de inyección. Distancia de 
separación de 80 mm, canales de 50 µm de ancho y 20 µm de profundidad 
(Micronit, The Netherlands). 
4. Sistemas de alineamiento 
Para orientar la radiación procedente de la fuente de excitación al dispositivo 
microfluídico se han utilizado: 
- Posicionadores en los tres ejes del espacio X-Y-Z (Oriel). 
- Espejo óptico (Oriel). 
- Lente (Melles-Griot). 
- Objetivo de microscopio (40/0.65, d=0.17). 
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5. Instrumentación 
Se ha utilizado la siguiente instrumentación: 
- Espectrofluorímetro Cary Eclipse Varian (Walnut Creek, CA, USA), equipado 
con: 
o Célula de observación de 10 x 2 mm de longitud y  60 µL de volumen 
interno. 
o Bundler de fibra óptica. 
- Espectrofotómetro UV/VIS Lambda 35 (Perkin Elmer), equipado con una célula 
de flujo de 10 mm de paso óptico y 100 µL de volumen interno (Helma).  
- Microscopio electrónico de transmisión Philips CM-10, resolución 0.5 nm × 0.34 
nm y equipado con una cámara digital Megaview III. 
- Rejillas de cobre (200C-FC) recubiertas con una película de carbón FormvarR 
200mesh, suministrado por Aname (Madrid, Spain). 
- Microscopio de fluorescencia invertida IX-50 (Olympus) equipado con una 
lámpara de mercurio de 100 W, un filtro de excitación (280–380 nm), un filtro 
de emisión (>420 nm) y un espejo dicroico (400 nm). 
- Tubo fotomultiplicador (Hamamatsu 7711–03).  
- Sistema de electroforesis capilar provisto de un capilar de sílice fundida de 58 
cm (diámetro interno 75 μm, longitud efectiva 36 cm), un filtro de excitación 
(280–380 nm) y uno de emisión (>400 nm) para detección fluorescente. 
- Equipo de electroforesis capilar 7100 (Agilent) provisto de un capilar de sílice 
fundida de 55 cm (diámetro interno 75 μm, longitud efectiva 46.5 cm). 
Detección fotométrica. 
- Tubo fotomultiplicador 77341 (Oriel), equipado con una fuente de alimentación 
70705 (Oriel), una red de difracción 1200 l/m y dos anchos de rendijas desde 50 
μm to 3.16 mm (l 77263, Oriel). 
- Osciloscopio TDS 380 (Tektronix).  
6. Aparatos 
Se han empleado: 
- Baño termostático HAAKE DC1 (ThermoElectron, Karlsruhe, Germany). 
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- Baño para agua y aceite “Precisterm” (Selecta, Barcelona). 
- Módulo de flujo detenido de cinética rápida RX-2000 (Applied Photophysics, 
Leatherhead, UK).  
- Microbalanza Explorer (OHAUS).  
- Fuente de alto voltaje de cuatro canales F.u.G.-Elektronik (Rosenheim, 
Germany). 
- Láser pulsado de N2 con λex=337nm, modelo VSL-337ND-S (Spectra-Physics). 
- Fuente de alto voltaje multicanal HVS448 (LabSmith). 
7. Programas informáticos  
- Para realizar los cálculos estadísticos y elaborar las representaciones gráficas se 
utilizaron Origin 7.0 (ORIGIN LAB), Statgraphics 5.1 y Microsoft Excel. 
- Los datos obtenidos en el microscopio de fluorescencia invertida se adquirieron 
y procesaron con un conversor analógido-digital INT-9 y el software Clarity 
Chromatography Station.  
- Los datos obtenidos en el osciloscopio se transfirieron a través de un cable 
GPBI a un ordenador con software LabVIEW 2011. 
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Con objeto de ampliar la aplicabilidad de las nanopartículas de oro (AuNPs) 
como reactivos analíticos en sistemas automáticos de flujo, se ha investigado su 
utilidad para la determinación de compuestos tiólicos. En este capítulo se describe el 
desarrollo de dos métodos analíticos que han dado lugar a los siguientes artículos: 
- Determination of N-acetylcysteine via its effect on the aggregation of gold 
nanoparticles. M. Sierra-Rodero, J.M. Fernández-Romero, A. Gómez-Hens. 
Microchim. Acta 173 (2011) 11-17. 
- Photometric determination of thioglycolic acid in cosmetics by using a stopped-
flow reverse flow-injection system and the formation of gold nanoparticles. M. 
Sierra-Rodero, J.M. Fernández-Romero, A. Gómez-Hens. Microchem. Journal 97 
(2011) 243–248. 
Los dos métodos establecidos se basan en la realización de medidas dinámicas 
utilizando dos propiedades de las AuNPs, la capacidad para dispersar la radiación al 
producirse su agregación y la banda plasmón de resonancia originada al formarse las 
NPs.  
En el primero de ellos se ha utilizado la técnica de mezcla de flujo detenido y se ha 
medido la velocidad inicial de la agregación de las AuNPs en presencia de compuestos 
tiólicos, usando la capacidad de estos compuestos para unirse covalentemente a la 
superficie de las NPs. La medida de la velocidad inicial del proceso se ha realizado 
monitorizando la variación de la dispersión de la radiación con el tiempo. 
En el segundo método desarrollado se ha usado un sistema de inyección en flujo en 
sus modalidades inversa y de flujo interrumpido no cinético para determinar 
compuestos tiólicos utilizando su capacidad para reducir al ácido tetracloroáurico 
(HAuCl4), dando lugar a la formación de AuNPs. Para el seguimiento de la reacción se 
han realizado medidas de absorbancia de la banda plasmon de resonancia de estas 
NPs.  
Las dos metodologías desarrolladas han contribuido a ampliar la aplicabilidad 
analítica de las AuNPs utilizando su versatilidad, lo que constituye una de las líneas de 
trabajo del Grupo de Investigación en el que se ha desarrollado esta Memoria. Cabe 
indicar que previamente se ha descrito un método para la determinación de 
antioxidantes alimentarios utilizando la técnica de mezcla de flujo detenido y la 
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capacidad de estos compuestos, debida a su carácter reductor, para formar AuNPs a 
partir del HAuCl4 [1]. 
En la Introducción general de esta Memoria se han descrito algunas de las 
principales aplicaciones analíticas de las AuNPs, tales como su uso en el desarrollo de 
biosensores, de nuevos métodos de inmunoensayo e hibridación [2], y en procesos de 
separación y preconcentración utilizando técnicas cromatográficas y electroforéticas 
[3, 4]. Una aportación adicional de las metodologías dinámicas descritas en este 
capítulo es su capacidad para utilizarlas en análisis de rutina debido a la 
automatización y elevada velocidad de muestreo que ofrecen. 
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 With the aim of expanding the applicability of gold nanoparticles (AuNPs) as 
analytical reagents in automatic flow-systems, their usefulness for the determination 
of thiol compounds has been studied. This chapter describes the development of two 
analytical methods that have given rise to the following articles: 
- Determination of N-acetylcysteine via its effect on the aggregation of gold 
nanoparticles. M. Sierra-Rodero, J.M. Fernández-Romero, A. Gómez-Hens. 
Microchim. Acta 173 (2011) 11-17. 
- Photometric determination of thioglycolic acid in cosmetics by using a stopped-
flow reverse flow-injection system and the formation of gold nanoparticles. M. 
Sierra-Rodero, J.M. Fernández-Romero, A. Gómez-Hens. Microchem. Journal 97 
(2011) 243–248. 
Both methods are based on the use of dynamic measurements using two 
properties of AuNPs: their ability to disperse the radiation when they form aggregates 
and the resonance plasmon band originated when the NPs are formed. 
The stopped-flow mixing technique has been used in the first method by 
measuring the aggregation initial rate of the AuNPs in the presence of thiol 
compounds, using their ability to bind covalently to the NPs surface. The initial rate 
measurement of the process has been carried out by monitoring the light-scattering 
radiation variation with time. 
A flow-injection system in reverse and non-kinetic stopped-flow modalities has 
been used in the second method for the determination of thiol compounds. The ability 
of these compounds to reduce tetrachloroauric acid (HAuCl4), giving rise to the 
formation of AuNPs, has been used in this instance. Absorbance measurements of the 
NPs resonance plasmon band have been carried out for monitoring the reaction. 
Both developed methodologies have contributed to extend the analytical 
applicability of AuNPs using their versatility, which is one of the Research Group 
working lines in which this Doctoral Thesis has been developed. It should be noted that 
a method for the determination of food antioxidants by using the stopped-flow mixing 
technique has been previously described [1]. The ability of these compounds to form 
AuNPs from HAuCl4, due to their reducing power, allowed their determination. 
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Some of the main analytical applications of AuNPs have been described in the 
Introduction of this Thesis, such as their use in biosensors development, in new 
immunoassay and hybridization methodologies [2] and in separation and 
preconcentration processes by chromatographic and electrophoretic techniques [3, 4]. 
An additional contribution of the dynamic methodologies described in this chapter is 
their ability to use then in routine analysis, due to the automation of the procedures 
and their high sampling frequency.  
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Determination of N-acetylcysteine via its effect on the 
aggregation of gold nanoparticles 
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The effect of thiol compounds on the kinetics of the aggregation of gold 
nanoparticles in the presence of the cationic surfactant cetyltrimethyl ammonium 
bromide has been studied. It was applied to the determination of N-acetylcysteine 
using the stopped-flow mixing technique along with light scattering detection. The 
signal obtained was measured after about 5 s, and gave the analytical information for a 
calibration graph in the concentration range from 2.9 to 60 µmol L-1 of N-
acetylcysteine, and a detection limit of 0.87 µmol L-1. The effect of other thiols on the 
system is also described. The relative standard deviation ranges between 0.6 and 3.5 
%. The method was applied to the determination of N-acetylcysteine in several 
pharmaceutical samples with recoveries that range from 97.7 to 101.1 %. 
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Introduction 
Among the different nanoparticles described as labels or nanoscaffolds in 
recent analytical methods, gold nanoparticles (AuNPs) are probably the most widely 
used. The special optical and electrochemical properties of these NPs have been 
explored in numerous assays using a variety of detection systems: photometry, 
fluorimetry, Rayleigh and Raman scattering, surface-plasmon resonance, 
potentiometry, amperometry, conductimetry, stripping voltammetry and quartz-
crystal microbalance [1]. Some photometric methods are based on the bright color of 
AuNPs, which is due to the presence of a plasmon-absorption band that is not present 
in the spectrum of the bulk metal. This band appears at 520-530 nm and it is a result of 
the resonance of the incident photon frequency with the collective excitation of the 
conductive electrons of the particle. The aggregation of AuNPs, which gives rise to a 
bathochromic shift of the plasmon-absorption band, has been used for the 
photometric detection of biomolecular interactions, such as the detection of enzyme 
inhibitors. For instance, endonuclease activity has been measured using two separate 
batches of AuNPs functionalized with two different thiol-modified oligonucleotide 
strands, which are complementary to each other [2]. The hybridization of both strands 
gives rise to the red-shift of the plasmon absorption band due to the formation of 
AuNP aggregates but, as the enzyme degrades the DNA-duplex interconnects, the 
AuNPs are released and the red color is regenerated. Thus, this system allows the 
screening of endonuclease inhibitors since they hinder the enzyme activity. Other 
analytical applications of AuNPs involve their use for the development of very sensitive 
nano-based sensors [3].  
The strong affinity of thiol compounds (Figure 1) toward AuNPs, which has 
been ascribed to the formation of a covalent bond Au-S [4], has found several 
analytical applications. Total thiols in human plasma have been recently determined by 
a fluorimetric method based on the use of a near-infrared fluorescent (NIR) dye and 
AuNPs [5]. In the absence of thiols, the NIR dye displays weak emission on the surface 
of the NPs, due to an efficient fluorescence quenching process. However, in the 
presence of thiols, the NIR dye is desorbed from the surface of the AuNPs, because the 
strong Au-S bonding interaction. A photometric method that discriminates between 
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cysteine and homocysteine involves the use of a surfactant to stabilize AuNPs [6]. 
Under acid conditions, the surfactant-capped AuNPs were aggregated upon the 
addition of both cysteine and homocysteine. However, in basic medium, in which 
homocysteine gives rise to a five-membered ring, the AuNPs aggregation only depends 
on the cysteine concentration. Also, a chromatographic method has been described for 
the determination of cysteine and homocysteine in serum samples using a colloidal 
gold-cysteamine-carbon paste electrode for amperometric detection [7]. 
             
Fig. 1. Chemical structures of thiol and related compounds assayed. 
This article shows a new and fast approach for the determination of N-
acetylcysteine (NAC) based on its capability to increase the aggregation rate of AuNPs 
in the presence of the surfactant cetyltrimethyl ammonium bromide (CTAB). The 
system is monitored in only several seconds using stopped-flow mixing technique and 
measuring the variation of the light-scattering (LS) intensity with time. The analytical 
usefulness of this approach could be extended to the determination of total thiols in a 
sample. AuNPs show a high stability in the presence of NAC, which has been ascribed, 
according to the results obtained using vibrational circular dichroism, to the 
conformation of NAC adsorbed on the NPs [8].  
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NAC is widely used as a mucolytic agent for administration into respiratory 
tracts to loosen secretions. Also, it is an efficient antidote for treatment of 
acetaminophen overdose because it protects the liver from damage caused by toxic 
metabolites of this compound [9]. NAC shows also antioxidant activity, owing to the 
presence of the thiol group, which justifies that this compound has been used as a 
potentially therapeutic agent in the treatment of diseases characterized by free radical 
production and oxidative damage. The pharmaceutical and clinical interest of NAC has 
given rise to the development of several chromatographic methods [10-12] involving 
pre-column derivatization to form isoindol [10], S-nitroso [11] or S-quinolinium [12] 
derivatives. Alternative flow injection methods with photometric [13] and 
potentiometric [14] detection, and equilibrium methods using fluorimetric [14] and 
differential pulse voltametric [16] detection have been described for NAC 
determination in pharmaceutical formulations. The main feature of the method is its 
capability to obtain analytical results in only few seconds using stopped-flow mixing 
technique, which allows its application to automate routine analysis. Also, to the best 
of our knowledge, this is the first time that the aggregation rate of AuNPs, measured 
through the variation of the LS with time, is used for analytical purposes.  
 
Experimental 
Apparatus and Instruments 
A Cary Eclipse Varian spectrofluorimeter (Walnut Creek, CA, USA, 
http://www.varianinc.com) was used. The instrument was furnished with an RX-2000 
Rapid Kinetic System Stopped-Flow mixing accessory from Applied Photophysics 
(Leatherhead, UK, http://www.photophysic.com), which was fitted with an 
observation cell of 10 x 2 mm length, 60 µL of inner volume and controlled by the 
associated electronics, the computer and a pneumatic syringe drive system. The 
temperature of the solution was kept constant at 20 ± 0.1 °C by circulating water from 
a Haake DC1 thermostatic bath (Thermo hake, Newington, NH, USA, 
http://www.thermohaake.com). The characterization of the NPs was performed by 
Transmission Electron Microscopy (TEM), using a CM-10 Philips Microscope (Philips 
Research, Eindhoven, The Netherland, http://www.research.philips.com, with 0.5 x 
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0.34 nm resolution and equipped with a digital megaview III camera. Copper grids 
(200C-FC) coated with a Formvar® carbon film 200 mesh supplied by Aname (Madrid, 
Spain, http://www.aname.es) were used as support in TEM experiments. 
 
Reagents 
All chemicals used were of analytical grade. Separated stock solutions of 0.2 
mol L-1 acetic acid/acetate buffer at pH 4.5 (Sigma), 0.01 mol L-1 CTAB (Aldrich) and 200 
µmol L-1 NAC (Sigma) were prepared using deionized water purified with a Milli-Q 
system (Millipore, Bedford, Ma, USA), and stored at 4°C until use. Colloidal AuNPs 
were purchased from Sigma (G1652, average diameter = 20 nm, 0.01 %). Other 
reagents used were sodium chloride (NaCl, Sigma), sodium dodecyl sulphate (SDS, 
Sigma), Triton X-100 (Sigma), l-cysteine (Fluka), homocysteine (Sigma), homocystine 
(Sigma), thioglycolic acid (Sigma), glutathione (Sigma), and methionine (Sigma). 
 
Procedures 
Determination of N-acetylcysteine 
A pre-mixed solution containing AuNPs (2x10-4 %) and NAC standard or sample, 
at a final concentration between 2.9 and 60 μmol L-1, prepared in the acetic 
acid/acetate buffer solution (pH 4.5), was used to fill one of the syringes of the 
stopped-flow module. The other syringe was filled with the same buffer solution 
containing CTAB (0.1 mmol L-1), which gives rise to the aggregation of the NPs. In each 
run, 0.1 mL of each solution was mixed in the mixing chamber of the stopped-flow 
module and the variation of the LS intensity with time at λex = λem = 550 nm (Δλ = 0 nm) 
was monitored using a spectrofluorimeter. All measurements were carried out at 20 ± 
0.1 °C. 
Data were acquired and processed using the software incorporated in the 
spectrofluorimeter for application of the initial-rate and the fixed-time kinetic 
methods. The initial rate (v0) was measured in ca. 5 s, being the integration time 0.2 s. 
The fixed-time method (ΔIF10) was achieved measuring the LS signal at t = 10 s. Each 
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standard or sample was assayed in triplicate. The linear calibration graphs were 
obtained by plotting each analytical signal, v0 and ΔIF10, versus the NAC concentration. 
The concentration of NAC in the samples was determined by interpolation of these 
calibration graphs. 
 
Analysis of pharmaceutical samples 
Several pharmaceutical formulations were processed to determine NAC 
concentration. Liquid samples only required an adequate dilution in water. 
Effervescent pills were treated with water and filtered to separate insoluble 
components. An adequate volume of each sample, to fit the linear range of the 
calibration graph, was treated as described above. 
 
Results and discussion 
Study of the AuNPs aggregation process  
 With the aim of monitoring the aggregation of the AuNPs in the presence of 
NAC, several synchronous spectra (Δλ = 0 nm) have been registered to obtain the 
optimum wavelength for LS measurements. Previous assays showed that the low LS 
signals obtained for AuNPs were not modified in the presence of NAC alone, but they 
showed a high increase in the presence of the cationic surfactant CTAB. On the 
contrary, the presence of the anionic surfactant SDS or the non-ionic surfactant Triton 
X-100 did not modify the LS signal. This behaviour is logical bearing in mind that these 
assays were carried out at pH 4.5, in which NAC is negatively charged since its pK1, 
corresponding to the carboxylic acid, is 2.7. Although AuNPs are negatively charged, 
owing to the presence of citrate, the negative charge is increased and stabilised after 
the adsorption of NAC on the AuNP surface by the strong Au-S bond, which increases 
the electrostatic interaction with CTAB and the initial rate of the aggregation process. 
Figure 2 depicts the synchronous spectra obtained for solutions containing AuNPs 
alone and in the presence of NAC, CTAB and both NAC and CTAB. As can be seen, the 
LS signals of AuNPs obtained at different wavelengths are not modified in the presence 
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of NAC and show a slight increase in the presence of CTAB, obtaining the maximum 
intensity at about 530 nm. However, the intensity shows a notable increase when 
AuNPs are mixed with NAC in the presence of the cationic surfactant, which is ascribed 
to the aggregation of the AuNPs. The maximum intensity has a slight bathochromic 
shift at a wavelength of 550 nm, which was chosen for the development of the kinetic 
method. The absorption spectra of these solutions were also obtained, but the 
absorbance values were very low in all instances. Thus, LS signals were chosen to 
monitor the aggregation process. Figure 3 shows the TEM images obtained for AuNPs 
alone and in the presence of NAC, CTAB and both NAC and CTAB, which were obtained 
by spotting 10-μL droplets of each NP suspension onto the copper grid and let to dry at 
room temperature for several minutes. As Figure 3d shows, the aggregation of AuNPs 
is favoured in the presence of both NAC and CTAB. 
 
Fig. 2 Synchronous spectra obtained for solutions containing AuNPs alone (a) and in the 
presence of NAC (b), CTAB (c), and NAC and CTAB (d). [AuNPs] = 2 x10
-4
 %; [NAC] = 60 mol L
-1
; [CTAB] = 
0.1 mmol L
-1
; pH = 4.5. 
Three different experiences were assayed to investigate the potential influence 
of the reactant distribution between the syringes of the stopped-flow module on the 
aggregation process: 1) one syringe was filled with a premixed solution containing 
AuNPs + CTAB and the other syringe with the NAC solution, 2) AuNPs were introduced 
in one syringe and a premixed CTAB + NAC solution in the other syringe, and 3) one 
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(a) (b) 
(c) (d) 
syringe was filled with a premixed solution containing AuNPs + NAC, and CTAB in the 
other syringe. The results obtained showed that this variable has not a significant 
effect on the profile of the kinetic curves. Although the first distribution, in which the 
sample is introduced alone in one of the syringes, is the more logical option, it was not 
chosen because the mixture AuNPs + CTAB showed a slight instability, owing to the 
relatively slow NPs aggregation. The other two assays gave rise to similar results, 
choosing the distribution 3 for the development of the method. The stability of the 
solution containing AuNPs and NAC was studied by measuring the LS signal at 550 nm 
for 30 minutes, finding that the signal was not modified during this assay.   
   
 
 
 
 
 
 
 
 
 
Fig. 3 TEM images obtained for solutions containing AuNPs alone (a) and in the presence of 
NAC (b), CTAB (c), and NAC and CTAB (d). [AuNPs] = 2 x10
-4
 %; [NAC] = 60 mol L
-1
; [CTAB] =0.1 mmol L
-1
; 
pH = 4.5. 
   Optimization of variables 
 The variables affecting the system were optimized following the univariate 
method. All reported concentrations are the initial concentration in each syringe, 
which is twice the final concentration in the reaction mixture at time zero. As indicated 
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above, the analytical parameters used were the initial rate, v0, and the increase of the 
signal at fixed-time, ΔIF10. The blank signal was subtracted in all instances and each 
kinetic result was the average of at least three measurements. Table 1 summarizes the 
variables studied, including the range assayed and the optimal values found.  
Table 1. Optimization of variables 
Type of variable Variable Range studied Optimal 
value 
Instrumental Excitation wavelength (nm) 
Emission wavelength (nm) 
Ex/Em slits (nm) 
Power energy (V) 
Average time (s) 
280 - 800 
280 - 800 
2 – 20 
400 – 700 
0.1 – 1.0 
550 
550 
5/5 
600 
0.2 
Stopped-flow 
device 
Reaction volume (mL) 
Temperature (°C) 
0.1-0.5 
10 – 30 
0.2 
20 
Chemical pH 
HAc/Ac- buffer concentration (mmol L-1) 
NaCl concentration, (mol L-1) 
AuNPs concentration (%) 
CTAB concentration (mmol L-1) 
3 – 7.25 
10 - 400 
0 -0.2 
10-5- 10-3 
0.01 – 1.2 
4.5 
50 
0 
2 x10-4 
0.1 
 
The kinetic parameters measured were independent of the mixing cell volume 
assayed. A volume of 0.2 mL was used. The influence of the temperature on the 
aggregation process was studied in the range 10 – 30 °C. Both the initial rate and fixed-
time signal did not show a significant change in the interval 10 – 20 °C, but slightly 
decreased at higher temperatures. A temperature of 20 ºC was selected as the optimal 
value. The pH dependence of the aggregation process was studied in the range of 3.0 - 
7.3. As Figure 4 a shows, this variable has a critical effect on the initial rate of the 
system. A pH of 4.5 was chosen as the optimum value, using an acetic acid/sodium 
acetate buffer solution to adjust this pH. The influence of the concentration of this 
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buffer was tested in the range of 10 – 400 mmol L-1, selecting a concentration of 50 
mmol L-1 as optimal. Several sodium chloride concentrations were assayed to evaluate 
the influence of the ionic strength on the aggregation. The initial rate of both sample 
and blank solutions decreased slightly and in a similar way when the sodium chloride 
concentration increased up to 0.05 mmol L-1, and remained constant from this 
concentration up to 200 mmol L-1 sodium chloride. Thus, the net effect was that the 
ionic strength does not modify the kinetic behaviour of the system as the difference 
between the initial rate of the sample and the blank solutions remained constant. 
However, the variation of the ionic strength caused a slight modification of the colour 
of the solutions. This change has been ascribed to the variation of the dielectric 
constant around the AuNP surface [17], but it did not modify the kinetics of the 
aggregation process when the variation of the LS signal with time was measured. 
The study of the relative concentration of AuNPs showed that it is the most 
important variable of the aggregation process since there is a linear increase of the 
kinetic parameters when the percentage of AuNPs increases. A relatively high 
concentration of AuNPs gives rise to the saturation of the LS signal in the detector, as 
can be seen in Figure 4 b, curve 1, which was obtained using a power energy of 550 V. 
The same study was carried out by increasing the power energy to a value of 600 V, 
obtaining similar initial rate values with lower percentages of AuNPs (Figure 4b, curve 
2). Thus, an AuNPs concentration of 2 x 10-4 % and a power energy of 600 V were 
selected for the development of the method. In this way, a decrease in the 
consumption of AuNPs is achieved too. 
As indicated above, the presence of CTAB is required for the formation of AuNP 
aggregates. The influence of the concentration of this surfactant on the system was 
studied in a wide range, between 0.01 and 1.2 mmol L-1, in order to investigate its 
effect below and above the critical micellar concentration (c.m.c.), which is close to 1 
mmol L-1. However, it was found that the formation of micelles caused a negative 
effect on the aggregation process, obtaining a drastic decrease on the kinetic 
parameters. A 0.1 mmol L-1 CTAB concentration was chosen as optimal value.  
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Fig. 4 Influence of the pH (a) and the percentage of AuNPs (b) on the initial rate of the system. 
In Figure b the power supply of the detector was 550 V in curve 1 and 600 V in curve 2. [NAC] = 60 mol 
L
-1
; [CTAB] = 0.1 mmol L
-1
. [AuNPs] = 2 x10
-4
 % in Figure a. pH = 4.5 in Figure b. 
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 Analytical features of the method 
Table 2 shows the features of the calibration graph obtained for NAC under the 
optimum experimental conditions, using the initial rate as the analytical parameter, 
and the detection and quantification limits, which were obtained according to IUPAC 
recommendations [18]. The same study was carried out for cysteine, homocysteine, 
gluthation, thioglycolic acid, methionine and homocystine in order to compare the 
behaviour of other thiol and related compounds on the system.  As can be seen in 
Table 2, the features obtained for all the thiol compounds assayed are very similar, and 
the detection limits are in the range of 0.52 µmol L-1 for gluthation and 2.36 µmol L-1 
for thioglycolic acid. The detection limit for homocystine, which contains a disulfide 
group, is 0.60 µmol L-1, but that obtained for methionine, in which the hydrogen of the 
thiol group is substituted by a methyl group, is relatively high, 6.12 µmol L-1. 
The linear range of the calibration graph obtained for NAC, using the initial rate as 
the analytical parameter, is 2.9 - 60 µmol L-1, while that obtained by measuring the 
fixed-time signal is 3.7 – 60 µmol L-1.  In this instance, the detection limit is 1.1 µmol L-
1, which is slightly higher that that obtained using initial rate measurements. The 
precision, expressed as the percentage of relative standard deviation was established 
using a mathematical model in which all the regression and residual parameters were 
included [19]. Two different NAC concentrations, 4 and 18 µmol L-1, were assayed, 
obtaining values of 3.6 and 0.6% for the initial rate method, and 4.5 and 2.1% for the 
fixed-time method. These results show that both kinetic methods have similar 
analytical features, although those of the initial rate method are slightly better. The 
estimated sampling frequency under the working conditions was about 40 h-1. 
Applications 
The initial rate method was applied to the determination of NAC in three 
pharmaceutical samples. The analysis was carried out following the procedure above 
described. Table 3 shows the results obtained. Two standard aliquots of the analyte, at 
two concentration levels, were added to the samples to carry out the recovery study.  
The recovery percentages were calculated by subtracting the results obtained from 
those obtained for the unspiked samples. The values obtained (Table 3) ranged 
between 97.7 and 101.1 %. 
Innovaciones en metodologías analíticas dinámicas utilizando nanomateriales 
 
73 
 
                                   Table2. Analytical features of the compounds assayed  
Species Calibration graphs r2 σy/x 
(b) 
LOD 
(µmol L-
1) 
LOQ 
(µmol L-
1) 
N-acetylcysteine v0 =2.32 (± 0.01 ) + 0,0331 (± 0.0004) x C 0.9974 0.03 0.87 2.9 
Cysteine v0 =1.480 (± 0.009) + 0,0328 (± 0.0002)x C 0.9977 0.02 0.78 2.62 
Homocysteine v0 =2.45 (± 0.02 ) + 0,0420 (± 0.0007)x C 0.9957 0.06 1.33 4.42 
Gluthation v0 =1.76 (± 0.01) + 0,063 (± 0.001)x C 0.9995 0.02 0.52 1.75 
Thioglycolic v0 =1.83 (± 0.02) + 0,0298 (± 0.0001)x C 0.9990 0.04 2.36 7.85 
Methionine v0 =1.76 (± 0.01) + 0,0049 (± 0.0003)x C 0.9824 0.02 6.12 20.41 
Homocystine v0 =1.725 (± 0.001) + 0,0290 (± 0.0003)x C 0.9995 0.01 0.60 2.00 
(a)
 ν0 denotes initial rate measurements and C is concentration expressed as µmol L
-1
. 
(b)
 σy/x denotes standard deviation 
of residual. 
(c)
 LOD and LOQ are limits of detection and quantification, respectively. 
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Table 3. Determination of N-acetylcysteine in pharmaceutical preparations 
Sample(a) NAC content  Recovery(b) 
Certified Found Added 
(µmol L-1) 
Found  
(µmol L-1) 
Recovery 
(%) 
A  40 (mg mL-1) 40.50 (mg mL-1) 3.1 
12.3 
3.12 ± 0.07 
11.2 ± 0.9 
101.0 
97.7 
B  200 (mg) 202.03 (mg) 3.1 
12.3 
3.1 ± 0.7 
12 ± 2 
101.0 
101.1 
C 600 mg (mg) 606.57 (mg) 3.1 
12.3 
 3.0 ± 0.9 
 12.1± 0.8 
98.8 
98.2 
(a)
 Trade names, manufacturers and composition of samples: (A) Flumil 4%, Pharmazan, 40 mg mL
-1
; 
(B) Acetilcisteína, Cinfa, 200 mg; (C) Acetilcisteína Ken Pharma, Ken Pharma, 600 mg. 
     (b)
 Average of three determinations ± SD. 
 
Final remarks 
This study shows for the first time the usefulness of kinetic methodology for 
monitoring the aggregation of AuNPs in the presence of CTAB and NAC, which allows 
the development of a fast method for the determination of NAC by measuring the 
variation of the LS signal with time. On the contrary of equilibrium methods involving 
the presence of AuNPs [4, 5], the use of stopped-flow mixing technique does not 
require any incubation step, obtaining the analytical signal in only few seconds. The 
results obtained show that the method can readily be adapted to automatic quality 
control of NAC in pharmaceutical preparations. Also, the scope of application of this 
approach can be extended to the determination of total thiol compounds in a sample, 
bearing in mind their similar behaviour.  
 
Innovaciones en metodologías analíticas dinámicas utilizando nanomateriales 
 
75 
 
Acknowledgements 
Authors gratefully acknowledge financial support from the Spanish MCyT 
(Ministerio de Ciencia y Tecnología) (Grant No. CTQ2009-08621/BQU) and the Junta de 
Andalucía (Grant No. PO6-FQM-01356). 
  
References 
[1] Gómez-Hens A, Fernández-Romero JM, Aguilar-Caballos MP (2008) 
Nanoestructures as analytical tools. Trends Anal Chem 27: 394 
[2] Xu X, Han MS, Mirkin CA (2007) A gold-nanoparticles-based real-time colorimetric 
screening method for endonuclease activity and inhibition. Angew Chem Int 46: 
3468 
[3] Valdés MG, Valdés-González AC, García-Calzón, JA, Díaz-García, ME (2009) 
Analytical nanotechnology for food analysis. Microchim Acta 166:1 
[4] Mocanu A, Cernica I, Tomoaia G, Bobos LD, Horovitz O, Tomoaia-Cotisel M (2009) 
Self-assembly characteristics of gold nanoparticles in the presence of cysteine. 
Colloids Surf A: Physicochem Eng Aspects 338:93 
[5] Shang L, Yin J, Li J, Jin L, Dong S (2009) Gold nanoparticles- based near-infrared 
fluorescent detection of biological thiols. Biosens Bioelectron 25:269 
[6] Wu HP, Huang CC, Cheng TL, Tseng WL (2008) Sodium hydroxide as pretreatment 
and fluororsurfactant-capped gold nanoparticles as sensor for the highly selective 
detection of cysteine. Talanta 76:347 
[7] Agüi L, Peñan-Farfal C, Yáñez-Sedeño P, Pingarrón JM (2007) Electrochemical 
determination of homocysteine at a gold nanoparticle-modified electrode. Talanta 
74:412 
[8] Gautier C, Bürgi T (2005) Vibrational circular dichroism of N-acetyl-L-cysteine 
protected gold nanoparticles. Chem Commun 43:5393 
[9] Schmidt LE, Knudsen TT, Dalhoff K, Brendten F (2002) Effect of acetylcisteine on 
prothrombin indez in paracetamol poisoning without hepatocellular injury. Lancet 
360:1151 
Capítulo 2 
76 
 
[10] Concha-Herrera V, Torres-Lapasio JR, Garcia-Alvarez-Coque MC (2004) 
Chromatographic determination of tilos alter pre-column derivatization with o-
phtalaldehyde and isoleucine. J Liq Chromatogr Related Technol 27:1593 
[11] Tsikas D, Sandmann J, Ikic M, Fauler J, Stichtenoth DO, Frolich JC (1998) Analysis 
of cysteine and N-acetylcysteine in human plasma by high-performance liquid 
chromatography at the basal state and after oral administration of N-
acetylcysteine. J Chromatogr B: Biomed Sci Appl 708:55 
[12] Kusmierek K, Bald E (2008) Determination of N-acetylcisteine and Thioglycolic 
acid in human urine. Chromatographia 67:23 
[13] Suarez WT, Vieira HJ, Fatibello-Filho O (2005) Generation and destruction of 
unsetable reagent in flow injection system: determination of acetylcysteine in 
pharmaceutical formulations using bromine as reagent. J Pharm Biomed Anal 
37:771 
[14] Al-Ghannam SM, El-Brashy AM, Al-Farhan BS (2002) Fluorimetric determination 
of some thiol compounds in their dosage forms. Il Farmaco 57:625 
[15] Kolar M, Dobcnik D (2003) Chemically prepared silver electrode for the 
determination of N-acetyl-L-cysteine by flow injection potentiometry. Pharmazie 
58:25 
[16] Shahrokhian S, Kamalzadeh Z, Bezaatpour A, Boghaei DM (2008) Differential 
pulse voltammetric determination of N-acetylcysteine by the electrocatalytic 
oxidation at the surface of carbon nanotube-paste electrode. Sens Actuators B 
133:599 
[17] Burns C, Spendel WU, Puckett S, Pacey GE (2006) Solution ionic strength on 
gold nanoparticle solution color transition. Talanta 69:873 
[18] Long GL, Winefordner JD (1983) Limit of detection: A closer look at the IUPAC 
definition. Anal. Chem 55:712A 
[19] Miller J, Miller JC (2005) Statistics and Chemometrics for Analytical Chemistry, 
5th Edition. Prentice Hall  
 
 
 
 
Innovaciones en metodologías analíticas dinámicas utilizando nanomateriales 
 
77 
 
 
 
Microchemical Journal 97 (2011) 243–248 
 
Photometric determination of thioglycolic acid in cosmetics by using a stopped-flow 
reverse flow-injection system and the formation of gold nanoparticles  
 
Marina Sierra-Rodero, Juan Manuel Fernández-Romero and Agustina Gómez-Hens* 
Department of Analytical Chemistry, “Marie Curie Annex” Building, Campus of 
Rabanales, University of Córdoba, E-14071-Córdoba, Spain 
 
The positive effect of thiol compounds as reducing agents in the synthesis of 
gold nanoparticles in the presence of a micellar medium of Triton X-100 has been 
photometrically studied using a reverse flow-injection system which operates in the 
stopped-flow mode (SF-rFIA). The analytical usefulness of this new system has been 
assessed by its application to the determination of thioglycolic acid (TGA), which was 
chosen as analyte model. The dynamic range of the calibration graph was 5.97 - 80 
µmol L-1, and the detection limit was 1.73 µmol L-1. The behaviour of other thiol 
compounds on the system has been also studied. The precision of the method, 
expressed as relative standard deviation, ranged between 1.5 and 2.3 %. The method 
was applied to the determination of TGA in several cosmetic samples with acceptable 
recoveries in all instances, which ranged between 90.32 and 101.46 %. 
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1. Introduction 
A general trend in the development of new analytical methods is the use of 
nanomaterials as alternative reagents to conventional organic ones, due to their 
special properties that are not shown by the bulk material. Among the different 
nanomaterials described for this purpose, gold nanoparticles (AuNPs) are probably the 
most widely used [1]. The optical and electrochemical properties of these NPs have 
been widely explored in a large number of photometric, fluorimetric, scattering, 
surface plasmon resonance, potentiometric, amperometric and voltammetric 
methods, among others. Photometric methods are usually based on the bright colour 
of AuNPs, which is due to the presence of a plasmon-absorption band that appears at 
520-560 nm and is not present in the spectrum of the bulk metal. This band is a result 
of the resonance of the incident photon frequency with the collective excitation of the 
conductive electrons of the particle. 
The formation of AuNPs is generally carried out by reducing tetrachloroauric 
acid with a suitable reagent such as citrate [2], ascorbic acid [2, 3], cysteine [4] or 
sodium borohydride [5]. The appropriate selection of the different experimental 
variables such as pH and concentration of reducing reagent allows the control of the 
size and shape of the NPs obtained. When cysteine is used, it may undergo 
dimerization to form cystine via the oxidation of two thiol groups, which chemically 
adsorb on the surface of the AuNPs, allowing their stabilization [4]. The synthesis was 
carried out by mixing cysteine and tetrachloroauric acid and the solution was left 
undisturbed at room temperature for 6 hours. UV-photoactivation for the reduction of 
tetrachloroauric acid in the presence of the surfactant Triton X-100 (TX-100) has been 
also described to obtain AuNPs [6] or AuSe nanoalloys [7]. In these instances, TX-100 
acts as both a reducing agent and a stabilizer. 
Although most methods for the synthesis of AuNPs involve the use of batch 
formats, there are some examples of the use of flow systems for this purpose [3, 5, 8]. 
For instance, a continuous method involving the use of a helical quartz coil, UV 
irradiation, and citric acid and poly(vinylpyrrolidone) (PVP) as photosensitive and 
protector agents, respectively, has been proposed [8]. The shape and size of the NPs 
obtained were very dependent on the experimental conditions, such as the flow rate 
and the PVP concentration.   
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In the present work, the synthesis of AuNPs and the direct measurement of the 
absorbance of the resonance plasmon band have been used for the first time to 
develop a flow-injection (FI) method for the determination of thiols and related 
compounds. The method is based on the capability of these compounds to reduce 
tetrachloroauric acid in the presence of a TX-100 micellar medium. The flow system 
operated in a reverse stopped-flow mode, involving the injection of the reagent to 
minimize its consume, and the stop of the system to allow the formation of the NPs. 
The usefulness of the proposed method has been shown by its application to the 
determination of thioglycolic acid (TGA), also named mercaptoacetic acid, in cosmetic 
samples. TGA and its calcium, ammonium and sodium salts are widely used in 
permanent waving and depilatory products as reducing agents on the hair keratin 
fibers, giving rise to the disconnection of the –SS- groups. This reduction mechanism 
has been studied using FT-Raman spectroscopy [9]. TGA is also used in several 
industrial applications such as the synthesis of polyvinylchloride stabilizers, as a 
corrosion inhibitor in oil field industry, in shrink resistant treatment of wool and in 
leather processing. 
Two HPLC methods with photometric detection have been developed for the 
determination of TGA in cosmetic samples using pre-column derivatization to convert 
TGA into a yellow-coloured nitrobenzooxadioazole derivative [10] or to form a thiol 
adduct by reaction with the ethacrynic acid [11].  Another HPLC method applied to the 
determination of TGA in hair-waving products involves the coupling of a disposable 
electrochemical sensor based on the use of a preanodized screen-printed carbon 
electrode [12]. Differencial pulse voltammetry has been also described for the 
detection of TGA in similar samples [13]. A comparative study of the response of glassy 
carbon, carbon paste and ceramic-carbon composite electrodes, showed that the later 
facilitates the electrooxidation process, obtaining better results. Also, two kinetic 
photometric methods have been recently described for the determination of TGA 
based on its inhibitory effect in two reactions catalized by Hg(II) [14, 15]. However, the 
practical usefulness of these methods by their application to the analysis of real 
samples has not been described. 
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2. Experimental 
2.1. Apparatus and Instruments 
A Perkin-Elmer Lambda 35 UV/VIS spectrometer (Beaconsfield, UK) equipped 
with a 10 mm light path and 100 µL inner volume Helma flow-cell (176.051-QS) (Helma 
Hispania, Barcelona, Spain) was used. The instrument was controlled through a 
personal computer (PC). A four-channel peristaltic pump with rate selector (Gilson 
Minipuls-3, Vilier le Bel, France), a low pressure injection valve and a switching valve 
(both from Reodhyne, Tecnokroma, Barcelona Spain), and Omnifit (Cambridge,UK) 
teflon tubing of 0.5 mm I.D. were used for the construction of the hydrodynamic 
manifold. The temperature of the experimental setup was kept constant at 90 ± 0.1 °C 
using a Precisterm thermostatic bath from Selecta (Barcelona, Spain). The 
characterization of the NPs was performed by Transmission Electron Microscopy 
(TEM), using a CM-10 Philips Microscope with 0.5 x 0.34 nm resolution and equipped 
with a digital megaview III camera. Copper grids (200C-FC) coated with a Formvar® 
carbon film 200 mesh supplied by Aname (Madrid, Spain) were used as support in TEM 
experiments. 
 
2.2. Reagents 
All chemicals used were of analytical grade. Stock solutions of 1.0 % w/v 
tetrachloroauric acid trihydrate (Sigma), 0.1 mmol L-1 nitric acid (Merck), 10 % w/v 
Triton X-100 (Fluka), and 10 mmol L-1 TGA (Sigma) were prepared using deionized 
water purified with a Milli-Q system (Millipore, Bedford, Ma, USA), and stored at 4°C 
until use. The cleaning solution (CS) of the flow-system consisted on a mixture of 
HCl:HNO3:H2O (30:10:60). Other reagents used were sodium dodecylsulphate (SDS, 
Sigma), cetyltrimethhyl ammonium bromide (CTAB, Aldrich), l-cysteine (Fluka), 
homocysteine (Sigma), homocystine (Sigma), N-acetylcysteine (Sigma), glutathione 
(Sigma), and methionine (Sigma). 
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2.3. Procedures 
2.3.1. Determination of thioglycolic acid 
Figure 1, depicts a scheme of the stopped-flow reverse FI system used. This 
configuration minimizes the tetrachloroauric acid consumption and also provides an 
effective AuNPs growth. The flow system consists on a peristaltic pump (P) which 
propels the carrier (C) stream (0.1 mmol L-1) through the system, in which a 0.015 % 
tetrachloroauric solution (400 μL) was inserted as reverse FI mode. Then the reagent 
plug merges downstream with a previous formed mixture of 0.1 % TX-100 and the 
analyte solution. The mixer reaction bolus reaches a thermostated reactor L1 (250 cm) 
heated at 90 ºC, in which the AuNPs are synthesized. In order to increase the AuNPs 
formation, the flow system is stopped for 4 min. The flow system started again and the 
reaction mixture reaches the detector in which the plasmon band is monitored at λ= 
540 nm. A switching valve (SV) allows the alternative selection of the sample (S) or the 
cleaning solution (CS), which provides a cleaning cycle between each injection. Each 
standard or sample solution was assayed in triplicate. The linear calibration graphs 
were obtained by plotting each analytical signal versus the TGA concentration. The 
concentration of TGA in the samples was determined by interpolation of these 
calibration graphs. 
 
         
Figure 1. Flow injection manifold for the AuNPs formation and TGA determination. Au(III): 
HAuCl4 · 3 H2O (0.015%); C: HNO3 (0.1 mmol L
-1
 M); S: Sample + TX-100 (0.1 %); CS: Cleaning solution 
(HCl:HNO3:H2O 30:10:60); PP: peristaltic pump; SV: switching valve; IV: injection valve; T: thermostatic 
bath; L1: open reactor; PD: photometric detector; PC: personal computer; w1 and w2: wastes. 
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Figure 2 depicts the typical peak profile of the flow system used. As can be 
seen, five sequential time increments are defined for each injection. After injection, 
the flow takes 50 s (t1) from the injection of HAuCl4 until the reaction mixture reaches 
the thermostatic bath, in which the flow is stopped for 4 min (t2). The residence time 
(t3) corresponds to the time over which the reaction mixture passes through the 
detector. The cleaning time (t4 = 10 s) is the time in which the switching valve 
changes its position, allowing that the cleaning solution (CS) passes through the 
reactor and the detector. Finally, a recovery time (t5 = 90 s) is necessary to re-started 
the reagents stream before a new injection.  
                                        
 
        Figure 2. Absorbance-time recorder and sequential times involved in the process. 
 
2.3.2. Analysis of cosmetic samples 
 Four waving lotions and depilatory creams were processed to determine the 
TGA concentration. About 0.5 g of each sample was accurately weighed and dissolved 
in 100 mL of deionized water. In order to fit the linear range of the calibration graph, 
each sample solution was diluted 1:250, and treated as described above. 
 The results obtained were compared with those achieved using the iodometric 
titration established as official method for the determination of TGA in waving lotions 
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and depilatory creams by the “Third Commission Directive 83/514/EEC” relative to 
cosmetics products [16]. 
 
3. Results and discussion 
3.1. Study of the AuNPs synthesis process  
 With the aim of studying the formation of AuNPs by the reduction of Au(III) 
using TGA, several absorption spectra have been registered using the batch format. 
Figure 3.A shows the results obtained for solutions containing Au(III) alone and in the 
presence of TX-100 (0.1%), TGA (20 μmol L-1),  and both TX-100 and TGA. As can be 
seen, the last spectrum shows a wide band with a wavelength range between 520 and 
600 nm, which can be ascribed to the formation of AuNPs. This band also appears in 
the spectrum of the solution containing Au(III) and TX-100 (curve 2), which shows the 
capability of this surfactant to favour the formation of the NPs [6, 7], but its 
absorbance is very low. Figures 3.B and 3.C depict the TEM images obtained for the 
mixture of Au(III) and TGA in the absence and in the presence of TX-100 (0.1 %), 
respectively, which correspond to the solutions showing the curves 3 and 4, 
respectively, in Figure 3.A. Figure 3.B shows the formation of irregular polyhedral 
metallic clusters with different shapes (i.e. rhomboidal and trapezoidal) and a wide 
range of sizes, estimated between 60 and 300 nm. However the TEM image obtained 
in the presence of TGA and TX-100, at a concentration higher than its critical micellar 
concentration (c.m.c.), which is about 0.02 %, shows the formation of spherical AuNPs 
with sizes in the range 10 – 40 nm. 
 The positive effect of the TX-100 micellar medium on the formation of AuNPs in 
the presence of TGA should be ascribed to the interaction of the carboxylic group of 
TGA with the polar head of the micelle, allowing that the suitable orientation of the 
thiol group favours the reduction of Au(III) and the formation of the NPs. In the first 
step of the flow system used, the TX-100 micelles interact with TGA, following by their 
mixture with Au(III), which allows the formation of the AuNPs. The assays carried out 
in the presence of the anionic surfactant SDS, instead of TX-100, gave also rise to the 
formation of the plasmon band, but its intensity was lower than that obtained with TX-
100. A plasmon band was also obtained in the presence of the cationic surfactant 
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CTAB, but it appeared at higher wavelengths, which could be ascribed to the 
aggregation of the NPs. However, the absorbance obtained under these conditions 
was lower than that obtained in the presence of TX-100.   
Figure 3. A) Spectra obtained in the bath mode for solutions containing (1) HAuCl4 (0.01%) alone, and in 
the presence of (2) TX-100 (0.1%), (3) TGA (20 µmol L
-1
), and (4) both TX-100 (0.1%) and TGA (20 µmol L
-
1
). B) and C) TEM images obtained for solutions (3) and (4), respectively. All solutions were heated at 
90ºC for 5 min. 
  
  3.2. Optimization of variables 
 The variables affecting the system were optimized following the univariate 
method. The analytical signal used was the absorbance measured at λ = 540 nm. Each 
analytical result was the average of at least three measurements. Table 1 summarizes 
the variables studied, including the range assayed and the optimal values found.  
The influence of the thermostatic bath temperature was studied in the range 
60 – 100 °C, obtaining an increase on the absorbance by increasing the temperature. 
However, a temperature near to the water boiling point gave rise to irreproducible 
results as a consequence of air burbles production. A temperature of 90 ºC was 
selected as a compromise between both effects. The influence of the flow-rate was 
studied in the range 0.8 - 2.4 mL min-1, but this variable did not have a crucial influence 
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over the analytical signal due to the stopped-flow mode selected. A value of 1.6 mL 
min-1 was chosen, which allowed the complete mixture of the reaction bolus prior to it 
reaches the reactor. It was found that low flow-rates provided the initial AuNPs 
formation, which gave rise to the formation of residues through to the flow system. 
 
Table 1. Optimization of variables 
Type of variable Variable Range studied Value Chosen 
Chemical 
System 
[HAuCl4], % 0.005 – 0.06 0.015 
[Triton X-100], % 0.02 – 0.16 0.1 
pH 3 – 5 4 
Hydrodynamic 
System 
Flow rate, mL min-1 0.8 – 2.4 1.6 
Injection volume, μL 50 – 1000 400 
Reactor length L1, cm 50 – 600 250 
Δt1,s 30 – 70 50 
Δt2, min 0 – 5 4 
Δt4, s 0 – 20 10 
Δt5, s 30 – 120 90 
 
A reverse FI mode was selected to minimize the consumption of the Au(III) 
solution, which was injected into the carrier, as Figure 1 shows, which merges with the 
stream containing TGA and TX-100. Figure 4.A shows the influence of tetrachloroauric 
acid concentration on the system, which was studied in the range 0.005 – 0.06 % w/v. 
A 0.015 % w/v concentration was selected for the development of the method. The 
study of the influence of the injection volume of the Au(III) solution showed that this 
variable did not affect to the system when its value vas in the range 400-600 µL. 
Regarding the length of the reactor L1, an interval from 50 to 600 cm was assayed, 
finding that the absorbance was not modified from a length of 200 cm. The behaviour 
of the TX-100 concentration on the system is shown in Figure 4.B, in which can be seen 
that the absorbance is practically independent of this variable from a 0.08 % w/v TX-
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100 concentration. Figure 4.C shows the study of the effect of pH on the system, in 
which can be seen that the optimum value was 4.0. Several buffer solutions such as 
phthalate, glycine, acetic acid and phosphoric acid were assayed to fit this pH but all of 
them caused a drastic decrease of the analytical signal. Thus, the pH of all the solutions 
was adjusted using a 0.1 mmol L-1 nitric acid. Several salts were assayed to evaluate 
the influence of the ionic strength. The addition of KNO3 and K2SO4 in a range from 0 to 
10 mM did not modify practically the absorbance, but a drastic decrease was obtained 
in the presence of NaCl or KCl, which demonstrates the negative effect of chloride ions 
in the system. 
 
       
Figure 4. Influence of  (A) tetrachloroauric acid and (B) TX-100 concentrations, and (C) pH on the 
absorbance of the system. [TX-100] = 0.02 %, and T = 80 ºC in Figure A.  [HAuCl4] = 0.015 % and T = 90ºC 
in Figure B. [HAuCl4]= 0.015 %, [TX-100] = 0.1 %  and T= 90 ºC in Figure C. [TGA] = 20 µmol L
-1
 
 
Other variables studied were the influence over the analytical signal of the 
different time increments described in the procedure section, which are shown in 
Figure 5. As can be seen in Figure 5.A, a previous time (t1) of 50 s is necessary to 
displace the reaction plug into the reactor L1 placed in the thermostatic bath. Figure 
5.B depicts the influence of the stop time (t2), which shows that the absorbance 
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reaches a constant value when the flow is stopped for at least 4 min. Figure 5.C depicts 
the optimisation of the cleaning time (t4), which corresponds to the time in which the 
switching valve changes its position and the cleaning solution (CS) passes through the 
reactor and the detector. A cleaning time of 10 s was required for the whole 
displacement of the residues from the flow system. Finally, an additional time 
increment, called recovery time (t5), of 90 s was necessary to re-start the stream of 
the reagents before a new injection.  
         
Figure 5. Influence of (A) previous time, (B) stop time, and (C) cleaning time on the absorbance of 
the system. [HAuCl4] = 0.015 %, [TX-100] = 0.1 %, [TGA] = 50 µmol L
-1
. 
 
3.3. Analytical features of the proposed method 
Table 2 shows the features of the calibration graph obtained for TGA using the 
optimum values of the experimental variables studied. The linear range of the 
calibration graph was 5.97 - 80 µmol L-1 TGA, and the detection limit, calculated 
according to IUPAC recommendations [17], was 1,73 µmol L-1. The precision of the 
method, expressed as the percentage of relative standard deviation was established 
using a mathematical model in which all the regression and residual parameters were 
included [18]. Two different TGA concentrations, 8 and 40 µmol L-1, were assayed, 
obtaining values of 2.3 and 1.5 %. The estimated sampling frequency under the 
working conditions was about 9 h-1. 
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Table 2. Analytical features of the compounds assayed 
 
                  
 
Species Calibration graphs r2 σy/x 
(a) 
LOD (b) 
(µmol L-1) 
LOQ 
(µmol L-1) 
Thioglycolic acid A =0.0128 (± 0.0005 ) + 0.0008 (± 0.0001) x C 0.9956 0.0008 1.73 5.97 
Cysteine A =0.0199 (± 0.0004) + 0.0004 (± 0.0001)x C 0.9941 0.0005 3.20 10.68 
N-acetylcysteine A =0.0237 (± 0.0007 ) + 0.0003 (± 0.0001)x C 0.9944 0.0004 6.43 21.43 
Homocysteine A =0.0043 (± 0.0010) + 0.0003 (± 0.0001)x C 0.9932 0.0006 9.60 32.01 
Methionine A =0.0079 (± 0.0004) + 0.0004 (± 0.0001)x C 0.9953 0.0003 2.95 9.82 
Homocystine A =0.0035 (± 0.0008) + 0.0006 (± 0.0001)x C 0.9939 0.0005 4.06 13.53 
 (a) σy/x denotes standard deviation of residual. 
(b)
 LOD and LOQ are limits of detection and quantification, respectively. 
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Calibration graphs for other different thiol compounds, such as cysteine, N-acetyl-
cysteine (NAC), homocysteine, methionine and homocystine, were obtained under the 
optimum experimental conditions selected for TGA, in order to obtain information 
about the behaviour of these compounds on the system. Table 2 shows the features of 
the calibration equations, and the detection and quantification limits. The detection 
limits obtained are in the range of 2.95 µmol L-1 for methionine and 9.60 µmol L-1 for 
homocysteine. The behaviour of glutathione on the system was also assayed, but a 
non linear response was achieved, which was ascribed to the low capability of this 
compound to reduce Au(III).  
 
3.4. Applications 
The method was applied to the determination of TGA in two types of cosmetic 
samples: hair waving lotions and depilatory creams. The results obtained were 
acceptable in all instances when they were compared with the results obtained by 
applying the official method based on iodometric titration (Table 3) [16]. A recovery 
study was also carried out in order to validate the method, which was performed by 
adding two different TGA amounts to each sample. The recovery percentages, 
calculated by subtracting the results obtained from similar unspiked samples, are 
shown in Table 3, in which can be seen that they ranged between 90.32 and 101.46 %. 
4. Final remarks 
The proposed method describes for the first time the determination of TGA 
based on its capability for the reduction of HAuCl4 and on the direct measurement of 
AuNPs formation, using in a reverse-mode stopped-flow injection system and 
photometric detection. Although AuNPs are now widely used as reagents, labels or 
nanoscaffolds in a large number of analytical methods [1], an alternative analytical 
application of these NPs is here proposed, which allows the simple and fast 
determination of the analyte. The results obtained demonstrate that the method can 
readily be adapted to automatic quality control of TGA in cosmetic preparations. Also, 
the scope of application of the proposed approach can be extended to the 
determination of other thiol compounds, bearing in mind their similar behaviour.  
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Table 3. Determination of Thioglycolic acid in preparations 
Sample [TGA] ± SD (w/w %) (a) Recovery 
Iodometryb FIA Added (µmol L-
1) 
Recovery (%) 
Waving lotion 1 8.3 ± 0.1 7.7 ± 0.6 10 97.7 
40 96.2 
Waving lotion 2 8.9 ± 0.1 8.5 ± 1.1 10 98.7 
40 100.3 
Depilatory cream 1 3.7 ± 0.1 3.7 ± 0.7 10 94.1 
40 90.3 
Depilatory cream 2 2.4 ± 0.2 2.3 ± 0.5 10 101.5 
40 98.5 
(a) 
Average of three determinations ± SD. 
(b)
 Official method for TGA determination acid in cosmetic 
samples 
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Este capítulo presenta las investigaciones realizadas para ampliar la 
aplicabilidad analítica de los sistemas microfluídicos, bien mediante detección directa 
de los analitos o mediante separación electroforética en microchip. El objetivo básico 
de estos estudios ha sido desarrollar nuevas metodologías miniaturizadas que 
permitan bajo consumo de muestras y reactivos, con la consecuente reducción de 
costes, disminución de la duración del análisis, aumento de la frecuencia de muestreo 
y simplificación de la manipulación por parte del analista. Se han desarrollado tres 
métodos para la determinación de antibióticos aminoglucósidos y fluoroquinolonas: 
- Determination of aminoglycoside antibiotics using an on-chip microfluidic 
device along with chemiluminescence detection.  M. Sierra-Rodero, J.M. 
Fernández-Romero, A. Gómez-Hens. Microchim. Acta 179 (2012) 185-192.  
- Determination of fluoroquinolone antibiotics by microchip electrophoresis and 
fluorescence detection. M. Sierra-Rodero, M. Schulze, D. Belder. En fase de 
redacción. 
- Time-resolved terbium sensitized luminescence as detection system in 
microchip capillary electrophoresis. M. Sierra-Rodero, J.M. Fernández-Romero, 
A. Gómez-Hens. Analytica Chimica Acta, enviado. 
En el primer método se propone un sistema de microinyección en flujo (µFI), 
integrando la reacción y la medida de la señal quimioluminiscente en un dispositivo 
microfluídico. Para desarrollar el sistema se han utilizado diversos antibióticos 
aminoglucósidos como analitos, los cuales inhiben la reacción entre el luminol y el 
peróxido de hidrógeno catalizada por los iones Cu(II), debido a la formación de un 
complejo entre el ión metálico y el antibiótico. Aunque este sistema químico se ha 
utilizado previamente en un sistema de inyección en flujo convencional [1], los 
resultados obtenidos en el estudio realizado presentan las ventajas indicadas 
anteriormente que ofrece la miniaturización del proceso. 
Los dos métodos desarrollados para la determinación de fluoroquinolonas 
incluyen la separación de estos compuestos mediante electroforesis en chip. El 
primero de ellos se realizó durante una estancia breve de tres meses en el “Institute of 
Analytical Chemistry” de la Universidad de Leipzig (Alemania), bajo la tutela del 
Profesor Detlev Belder. La investigación realizada ha contribuido favorablemente a 
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mejorar la formación de la doctoranda en el uso de sistemas microfluídicos y, además, 
la estancia ha permitido cumplir uno de los requisitos necesarios para poder optar a la 
Mención de Doctorado Internacional.  
Aunque se han establecido algunos métodos para la separación de 
fluoroquinolonas mediante electroforesis capilar [2-4], en este capítulo se describe por 
primera vez la miniaturización de la separación de estos compuestos mediante 
electroforesis en chip. En el primero de los dos métodos desarrollados se han utilizado 
norfloxacino y ciprofloxacino como analitos modelos para realizar su separación y su 
cuantificación midiendo la fluorescencia nativa que presentan estos compuestos. En el 
segundo método se ha investigado la utilidad de la luminiscencia sensibilizada de 
terbio como sistema de detección en la separación electroforética en chip de 
ciprofloxacino, enrofloxacino y flumequina. Para desarrollar este método se ha 
diseñado un sistema modular en el que se ha utilizado radiación láser como fuente de 
excitación y se han derivatizado los analitos con terbio(III) en el capilar. El único 
antecedente encontrado sobre el uso de sistemas microfluídicos para quinolonas es un 
sensor enzimático con detección electroquímica para la determinación de ácido 
pipemídico [5]. Este método se aplicó al análisis de preparados farmacéuticos.  
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This chapter shows the investigations carried out to extend the analytical 
applicability of microfluidic systems by using direct detection of analytes and microchip 
electrophoretic separation. The main aim of these studies has been the development 
of new miniaturized methodologies that enable low consumption of samples and 
reagents with the consequent reduction of costs, decrease in analysis time, increase of 
sampling frequency and simplification of analyst handling. Three methods for the 
determination of aminoglycoside and fluoroquinolone antibiotics have been developed 
for this purpose: 
- Determination of aminoglycoside antibiotics using an on-chip microfluidic 
device along with chemiluminescence detection.  M. Sierra-Rodero, J.M. 
Fernández-Romero, A. Gómez-Hens. Microchim. Acta 179 (2012) 185-192.  
- Determination of fluoroquinolone antibiotics by microchip electrophoresis and 
fluorescence detection. M. Sierra-Rodero, M. Schulze, D. Belder. Pending of 
publication. 
- Time-resolved terbium sensitized luminescence as detection system in 
microchip capillary electrophoresis. M. Sierra-Rodero, J.M. Fernández-Romero, 
A. Gómez-Hens. Sent to Analytica Chimica Acta. 
A microflow injection system (µFI) is proposed in the first method, integrating 
the reaction and the measurement of the chemiluminescent signal in a microfluidic 
device. Different aminoglycoside antibiotics have been used as analytes, which inhibit 
the reaction between luminol and hydrogen peroxide catalyzed by Cu(II) ions, due to 
the formation of a complex between the metallic ion and the antibiotic. Although this 
chemical system has been previously used in a conventional flow injection system [1], 
the results obtained show the advantages offered by the miniaturization, which have 
been above described. 
The two methods developed for the determination of fluoroquinolones include 
the separation of these compounds by microchip electrophoresis. The first of them 
was developed during a brief stay of three months in the “Institute of Analytical 
Chemistry” of the University of Leipzig (Germany), under the supervision of Professor 
Detlev Belder. The study performed has contributed favorably to improve the 
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academic training of the PhD student on the use of microfluidic systems. Also, this stay 
fulfills one of the requirements for the International Doctorate Mention. 
Although some methods for the separation of fluoroquinolones by capillary 
electrophoresis have been established [2-4], this chapter describes for the first time 
the miniaturization of the separation of these compounds by microchip 
electrophoresis. Norfloxacin and ciprofloxacin have been used as model analytes in the 
first of the two methods developed, in which their separation and quantification have 
been carried out by measuring their native fluorescence. The usefulness of terbium 
sensitized luminescence as detection system in the electrophoretic separation of 
ciprofloxacin, enrofloxacin and flumequine has been studied in the second method. A 
modular system has been designed to develop this method using laser radiation as 
excitation source and derivatizing the analytes with terbium(III) in the capillary. The 
only previous work found about the use of microfluidic systems for quinolones is an 
enzymatic sensor with electrochemical detection for the determination of pipemidic 
acid [5]. This method was applied to the analysis of pharmaceutical samples. 
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Marina Sierra-Rodero, Juan Manuel Fernández-Romero, Agustina Gómez-Hens* 
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We describe an on-chip microflow injection (µFI) approach for the 
determination of aminoglycoside antibiotics using chemiluminescence (CL) detection. 
The method is based on the inhibition of the Cu(II)-catalyzed CL reaction of luminol 
and hydrogen peroxide by the aminoglycosides due to the formation of a complex 
between the antibiotic and Cu(II). The main features of the method include small 
sample volumes and a fast response. Syringe pumps were used to insert the sample 
and the reagents into the microfluidic device. CL was collected using a fiber optic 
bundle connected to a luminescence detector. All instrumental, hydrodynamic and 
chemical variables involved in the system were optimized using neomycin as the 
aminoglycoside model. Inhibition is proportional to the concentration of the 
antibiotics. The dynamic ranges of the calibration graphs obtained for neomycin, 
streptomycin and amikacin are 0.3 - 3.3, 0.9 - 13.7,and 0.8 - 8.5 µmol L-1, and the 
detection limist are 0.09, 0.28 and 0.24 µmol L-1, respectively. The precision of the 
methods, expressed as relative standard deviation, is in the range from 0.8 to 5.0%. 
The method was successfully applied to the determination of neomycin in water 
samples, with recoveries ranging from 80 to 120%. 
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Introduction 
The development of analytical methods involving the use of microfluidic 
devices is an interesting research trend due to the special features of these 
miniaturized systems, such as low reagent and sample consumptions, simple 
manipulation, low analysis time and portability. The integration of separation, reaction 
and detection in microfluidic chips, which is known as micro total analysis system (µ-
TAS) or “lab-on-a-chip” system, is a general objective in the development of 
miniaturized methods, although it still requires the improvement of component 
integration for its consolidation and easy application to the analysis of real samples. 
However, several applications of microfluidic systems for food [1] and environmental 
[2] analysis have been recently described. 
The use of microchips for electrophoretical separations (µCE) has been 
extensively studied in recent years, achieving very fast separations, at the level of 
seconds, with high efficiencies [3-6]. On the contrary, the development of liquid 
chromatography on microchips (µLC) is having a slower development, which is 
ascribed to the need of overcoming some technical limitations for the miniaturization 
of instrumental components, such as valves and pumps. In spite of these limitations, 
several µLC separations have been recently described [7]. 
Another interesting application area of microfluidic devices involves the 
development of microflow injection (µFI) systems, which allow the miniaturization of 
automatic analytical methods by integrating the reaction and the analytical 
measurements in a limited space. Optical detection is usually used in these systems 
due to its non invasive nature, rapid response and relatively easy coupling [8]. 
Absorbance and fluorescence detection have been used in some of these µFI systems. 
However, chemiluminescence (CL) detection is usually preferred owing to its inherent 
high sensitivity, low background noise and absence of excitation or stray light, as no 
light source is used [9]. Most µFI-CL methods described involve the use of luminol or a 
ruthenium(II) complex. For instance, the luminol-ferricyanide CL system has been used 
for the determination of glucose[10] and uric acid [11] in human serum, and nitrite in 
food [12], obtaining detection limits of 18 µg mL-1, 0.5 µg mL-1, and 4 ng mL-1, 
respectively, and a sample throughput between 12 and 30 h-1. The CL reaction of 
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peroxidisulphate with the complex of ruthenium(II) with 1,10-phenanthroline [13,14] 
or 2,2’-bipyridyle [15] has been mainly applied to the determination of therapeutic 
drugs in pharmaceutical formulations, reaching low detection limits, at the level of ng 
mL-1, and high sample throughputs. These data show the usefulness of µFI-CL systems 
for sensitive and fast determinations. 
The method presented here is the first attempt to develop a new µFI-CL 
approach, involving a reverse format, for the determination of aminoglycoside (AG) 
antibiotics in water samples. Figure 1 shows the chemical structures of the three AG 
antibiotics assayed in this study, neomycin, streptomycin and amikacin. These 
compounds are highly polar and soluble in water and they inhibit the bacterial protein 
synthesis by binding irreversibly to the bacterial ribosome. After parenteral 
administration, they are excreted unchanged by glomerular filtration in the urine 
within 24 hours. In recent years, AG antibiotics are less frequently applied in human 
medicine because of their severe adverse effects, such as oto- and nephrotoxicity, and 
also the availability of well-tolerated β-lactam antibiotics. However, they are 
frequently used in veterinary medicine for the treatment of bacterial infections such as 
mastitis, or for prophylaxis to prevent infection [16]. Also, streptomycin has been used 
as pesticide to control bacterial diseases in certain fruits such as apples [17]. The 
different applications of AG antibiotics have given rise to the fact that they are 
considered potential pollutants of aqueous environment owing to their stability and 
high solubility in water [18]. 
A high number of methods have been described for the determination of AG 
antibiotics, mainly using liquid chromatography, capillary electrophoresis and 
immunoassay, which allow their individual quantification [16,19,20]. However, the aim 
of the study presented here has been the development of a simple and fast method 
for screening purposes, which has been applied to the analysis of water samples. The 
method is based on the inhibitory effect of AG antibiotics on the reaction between 
luminol and hydrogen peroxide catalysed by Cu(II) in basic medium. This inhibition is 
ascribed to the formation of Cu(II)-AG antibiotic complexes [21].A conventional FI 
method has been previously described for amikacin determination using the same CL 
reaction [22], but the detection limit obtained was about twenty-times higher than 
that obtained for this antibiotic in the µFI method described here. 
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Figure 1. Chemical structures of the aminoglycoside antibiotics assayed. 
 
        Experimental 
Apparatus and Instruments 
A glass microreactor model FC_R150.332.2 with dimensions of 12 x 24 mm and an 
internal volume of 6 µl was assembled to a fluidic chipholder (4515) (Micronit, The 
Netherlands, www.micronit.com).The CL emission was collected using an optic fibre 
bundler assembled to a Cary Eclipse Varian spectrofluorimeter (Walnut Creek, CA, 
USA), which was used as a CL detector. The optic fibre bundler and the microchip were 
adapted to an X-Y-Z positioner (Oriel Instruments, USA, www.newport.com/oriel/) to 
allow fine positioning adjustments. The flow was driven through the microfluidic 
reactor using a KDS220 syringe pump (KD Scientific Inc., MA, USA, 
www.kdscientific.com) The injections of hydrogen peroxide and Cu(II) mixture and the 
cleaning solution were carried out with Cheminert VA-CN2 injection valves (Valco, 
Teknokroma, Barcelona, Spain, www.teknokroma.es). Nylon syringe filters with a pore 
size of 0.45 µm (Análisis Vínicos, Spain, www.analisisvinicos.com) were used for 
sample treatment. 
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Reagents 
All chemicals used were of analytical grade. A 2 mmolL-1 luminol (Sigma) stock 
solution was prepared in 0.5 mol L-1 sodium hydrogencarbonate/disodium carbonate 
(Panreac) buffer solution, adjusted to pH=10.9 with sodium hydroxide. Cu(II) sulphate 
pentahydrate (0.01 mol L-1, Panreac), neomycin (200 µgmL-1, Fluka), amikacin (200 
µgmL-1,Sigma) and streptomycin (200 µgmL-1, Fluka) solutions were prepared using 
deionized water, which was purified with a Milli-Q system (Millipore, Bedford, Ma, 
USA), and stored at 4°C until use. Hydrogen peroxide solution (10 mmol L-1) was 
prepared daily by diluting adequately 33% (w/v) hydrogen peroxide solution (Panreac) 
in water. The cleaning solution (CS) of the flow-system consisted on 0.4 mol L-1 nitric 
acid (Merck) solution. Other solutions used were 1 molL-1sodium chloride (Merck), 1 
mol L-1sodium nitrate (Sigma), 1 mol L-1potassium chloride (Merck),1 mol L-1potassium 
nitrate (Sigma),0.05 mol L-1 disodium hydrogenphosphate (Merck) and 0.05 mol L-1 
disodium tetraborate (Merck) solutions. 
Procedures 
Determination of aminoglycoside antibiotics 
Figure 2 depicts a scheme of the microfluidic approach used, in which a syringe 
driven system (SDS) propels all solutions from five syringes, at a flow-rate of 1.4 µL s-1. 
Water was used as carrier (C), in which 5 µL of a mixture from two different syringes 
containing 10 mmol L-1 hydrogen peroxide and 200 µmol L-1 Cu(II)was inserted as 
reverse FI mode with an injection valve (IV1). Then the reagent plug merges in the 
microfluidic chip with a pre-mixed solution containing 0.2 mmol L-1luminol solution 
and AG antibiotic standard or sample solution, prepared in the carbonate buffer 
solution (pH 10.9).A second injection valve (IV2) provides a cleaning cycle between 
each determination. The reactant mixture goes through the microreactor in which 
theCL reaction takes place. The signal is recorded at λ= 425 nm with an optic fibre (OF) 
connected to the luminescence detector. The OF was adapted to a micrometrical 
system which performs translational movements in a 3-D space extended along the X-
Y-Z axes.  Each standard or sample solution was assayed three times. The linear 
calibration graphs were obtained by plotting the analytical signal, which was the 
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difference in the CL intensity obtained in the absence an in the presence of the 
analyte, versus the antibiotic concentration. 
 
 
Figure 2. Scheme of the microfluidic system for aminoglycoside determination with 
chemiluminescence detection. L + S: luminol (0.2 mmol L
-1
) and sample mixture; C: carrier (water); CS: 
cleaning solution (0.4 MHNO3). CLD: chemiluminescence detector; PC: personal computer; OF: optic 
fibre; SDS: syringe driven system; µFChip: microfluidic chip; IV1 and IV2: injection valves; xyz-PT: xyz 
positioner; w1, w2 andw3: wastes. [H2O2] = 10 mmol L
-1
; [Cu(II)] = 200 µmol L
-1
. 
 
Analysis of water samples 
Two tap and two river water samples were analysed to determine neomycin, 
which was used as the analyte model. Each sample (1 mL) was spiked with 0.1 mL of 
standard neomycin solutions, containing 2.5 or 7.5 nmol, and filtered using a nylon 
syringe filter with a pore size of 0.45 µm. Then, 500 µL of 2 mM luminol solution 
prepared in carbonate buffer solution (0.5 M, pH = 10.9) was added. The solution was 
x 
 
z 
 
y 
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diluted to a final volume of 5 mL using deionized water and inserted into the 
microfluidic system as described above. 
 
Results and discussion 
Study of the miniaturized system 
A FI system driven by a syringe pump was connected to the microfluidic device 
to monitor the CL intensity from the reaction between luminol and hydrogen peroxide 
catalyzed by Cu(II) and its decrease in the presence of neomycin, which was chosen as 
the AG antibiotic model. As can be seen in Figure 2, five syringes were used to 
introduce the reactant solutions, the carrier and a cleaning solution in the microfluidic 
system. The distribution of the reactants in the syringes and the position of the optic 
fibre to measure the CL signal from the microfluidic device are two critical 
experimental variables of the system, owing to the temporal variation of the CL 
intensity during the development of the reaction. 
Several assays were carried out to study the distribution of the reactants in the 
syringes. A reverse FI mode was selected, in which hydrogen peroxide and Cu(II) 
solutions were pre-mixed and injected into the flow, which contained the luminol 
solution in basic medium, as Figure 2 shows. This reverse mode was chosen to avoid 
the accumulation of Cu(II) in the internal surface of the microfluidic device, which was 
observed by a continuous increase of the CL signal when the Cu(II) solution was 
introduced in the system in a direct mode. The analyte solution was pre-mixed 
sequentially with each reagent (hydrogen peroxide, Cu(II) and luminol), in order to 
select the best way to obtain the maximum difference in the CL intensity in the 
absence and presence of the analyte. The results obtained showed that the CL signal 
obtained in the presence of the analyte was only slightly lower than that obtained for 
the blank signal when the analyte was pre-mixed with hydrogen peroxide or Cu(II) 
solution. However, a relatively high CL inhibition, which was proportional to the 
analyte concentration, was attained when the analyte was pre-mixed with the luminol 
solution in basic medium. This behaviour can be ascribed to the fact that this 
distribution improves the interaction of the analyte with Cu(II), increasing its inhibitory 
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effect. The catalyst/analyte concentration ratio in this instance is lower than in the 
other assays, in which the analyte was premixed with hydrogen peroxide or with Cu(II) 
solution. A 0.4 mol L-1 nitric acid solution was used as cleaning solution, which was 
injected after each standard or sample measurement, to avoid the accumulation of 
Cu(II) in the microfluidic channel. The assays carried out demonstrated that three 
injections can be executed without affecting the repeatability of the method. 
The position of the optical fibre was fixed by using a micrometrical system in 
which the fibre was adapted. This system allows the movement of the fibre in a 3-D 
space extended along the X-Y-Z axes, as can be seen in Figure 2.In order to enhance 
the sensitivity of the method, a 40× magnification lens was coupled between the optic 
fibre and the microfluidic device. 
 
             Optimization of variables  
 The variables affecting the system were optimized following the univariate 
method. The analytical signal used was the net CL signal, which is the difference in the 
CL intensity emitted by the luminol reaction in the absence and in the presence of 
neomycin, as indicated above. Each analytical result was the average of at least three 
measurements. Table 1 summarizes the variables studied, the range assayed for each 
variable and the optimal values chosen.  
The emission wavelength chosen was 425 nm, which corresponds to the 
emission of the aminophthalate ion formed by the oxidation of luminol. The study of 
the influence of the gate time in the net CL signal showed that it increased up to a 
value of 800 ms, remaining constant at higher values. The highest emission slit of the 
instrument, 20 nm, was chosen to obtain the maximum CL signal, bearing in mind that 
it is not interfered by potential stray radiation as it occurs in fluorimetry.  The energy 
of the detector was studied in a range between 600 and 1000 V, obtaining an 
exponential increase in the CL signal as the energy was increased. A value of 800 V was 
chosen because higher values caused the saturation of the detector and the CL signal 
cannot be measured. 
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Table 1. Optimization of variables 
Type of variable Variable Range studied Value Chosen 
Instrumental Wavelength (nm) 300 – 600 425 
 Gate time (ms) 300 - 1000 800 
 Emission slit (nm) 5 – 20 20 
 Energy (V) 600 – 1000 800 
Hydrodynamic 
 
Flow rate (µL s-1) 0.1 – 2.1 1.4 
Injection volume (µL) 1 – 5 5 
X-Y-Z system X axis (mm) 0 – 24 7.5 
Y axis (mm) 0 – 10 0 
Z axis (mm) 0 – 12 7.5 
Chemical 
 
[Luminol] (mmol L-1)  0.1 – 0.6 0.2 
[H2O2](mmol L
-1)  2.5 – 35 10 
CuSO4 (µmol L
-1)  10 – 300 200 
[NaHCO3/Na2CO3] (mmol L
-1) 10 – 100 50 
pH 9.0 – 12.8 10.9 
 
 Regarding the hydrodynamic variables, the flow rate is crucial for reaching the 
maximum net CL signal. The influence of this variable was studied in the range of 0.1 – 
2.1 µL s-1, obtaining an increase of the net CL signal by raising the flow-rate until an 
optimum value of 1.4 µL s-1. The CL signals obtained in the absence and in the presence 
of the analyte remained practically constant at higher flow-rate values. The study of 
the influence of the injection volume of the hydrogen peroxide and Cu(II) mixture 
solution was studied in an interval between 1 and 5 µL, obtaining increasing CL values 
as the injection volume increased. This last value was selected as optimal bearing in 
mind that the internal volume of the microfluidic device is 6 µL and, also, because a 
band broadening was obtained when higher values were assayed. The position of the 
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optic fibre in the microfluidic system is a critical variable to obtain the maximum CL 
signal, as indicated above. This study was carried out by placing the microfluidic device 
and the fibre in a system that can be moved in the x-y-z directions (Figure 2). The 
optimal CL signal was obtained when the fibre was placed 7.5 mm in the x axis, 0 mm 
in the y axis and 7.5 mm in the z axis. 
Regarding the optimization of the chemical variables, Figure 3.A shows the 
influence of Cu(II) concentration on the system, which was studied in the range 10 – 
300 µmol L-1. A 200 µmol L-1 concentration was selected for the development of the 
method. The influence of hydrogen peroxide concentration was assayed in the range 
2.5 – 35 mmol L-1, obtaining that the net CL signal remained constant and maximum 
from a 10 mmol L-1concentration. The behaviour of the luminol concentration on the 
system is shown in Figure 3.B, in which can be seen that the best CL signal was 
obtained for a 0.2 mmol L-1 luminol concentration. Figure 3.C shows the influence of 
the pH on the system, in which can be seen that the CL signal was independent of this 
variable in the pH range of 10.3-11.2, choosing a value of 10.9 for the development of 
the method. A borate buffer solution was assayed to fit this pH, but it decreased the CL 
signal. Better results were obtained using phosphate and carbonate buffer solutions, 
selecting the last one for the development of the method. The influence of the 
concentration of this buffer solution was studied in an interval 10–100 mmol L-1, 
achieving the best CL signal for a value of 50 mmol L-1. Several salts were assayed in 
order to evaluate the influence of the ionic strength. The addition of sodium or 
potassium nitrate, in a concentration interval from 0 to 500 mmol L-1 did not modify 
practically the CL signal, but a slight decrease was obtained in the presence of sodium 
or potassium chloride. 
 
Analytical features of the method 
Table 2 shows the features of the calibration graphs obtained for neomycin, 
streptomycin and amikacin under the optimum experimental variable values. The 
limits of detection (LOD), calculated according to IUPAC recommendation [23], are also 
included, in which can be seen that neomycin shows the lower LOD value because this 
antibiotic, which is a four-ring AG antibiotic, binds Cu(II) with higher affinity than the 
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three-ring AG antibiotics, such as streptomycin and amikacin [21]. These compounds 
coordinate Cu(II) ions mostly by their terminal amino sugar donors, while neomycin 
binds Cu(II) by its deoxystreptamine residue, improving the stability of the complex.  
 
 
Figure 3. Influence of (A) Cu(II) and (B) luminol concentrations, and (C) pH on the 
chemiluminescence reaction. [neomycin] = 1.5 μmol L
-1
; [luminol] = 0.2 mmol L
-1
in (A) and (C); [Cu(II)] = 
200 μmol L
-1
 in (B) and (C); pH = 10.9 in (A) and (B). 
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Table 2. Analytical features of the compounds assayed 
 
Analytes 
 
Calibration graphs 
 
r2 
 
σy/x 
(a) 
Linear range  
(µmol L-1) 
 
LOD (b) 
(µmol L-1) 
%RSD(c) 
 
Low level 
 
High level 
 
Neomycin 
 
CL =-1.2 (± 0.4) + 11.9 (± 0.2) x C 
 
0.994 
 
1.017 
 
0.3 – 3.3 
 
0.09 
 
5.0 
 
4.4 
 
Streptomycin 
 
CL =2.8 (± 0.3) + 1.12 (± 0.01) x C 
 
0.994 
 
1.305 
 
0.9 – 13.7 
 
0.28 
 
2.5 
 
0.8 
 
Amikacin 
 
CL =5.2 (± 0.4) + 5.15 (± 0.09) x C 
 
0.990 
 
1.374 
 
0.8 – 8.5 
 
0.24 
 
4.6 
 
1.1 
(a)
 σy/x: standard deviation of residuals.  
(b)
 LOD: limit of detection. 
(c) 
Relative standard deviations (n=10) achieved at two concentration levels: limit of quantification (low level) and concentration corresponding to the middle of each 
calibration graph (high level)
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Precision data, expressed as the percentage of relative standard deviation, are 
also shown in Table 2. These values were obtained for two concentration levels of each 
analyte (n = 10), the lowest concentration of each calibration graph, which 
corresponds to the quantification limit, and an analyte concentration corresponding to 
the centre of the calibration graph. The values obtained ranged between 0.8 and 5.0%. 
The estimated sampling frequency under the working conditions was about 15 h-1, 
including three measurements and the corresponding cleaning steps, which is a 
relatively low value owing to the reverse mode used, although similar sample 
throughputs have been described in other µFI methods [10,11]. 
A comparison of the figures of merit of this work with those of other methods 
for the determination of aminoglycoside antibiotics involving CL detection [22, 24-30] 
is shown in Table 3. As can be seen, the luminol-hydrogen peroxide-Cu(II) system has 
been described for the CL detection of amikacin alone [24] and AG mixtures [25] by 
liquid chromatography, reaching very low LOD values in this last method, which 
includes a previous preconcentration step. However, a relatively high LOD for amikacin 
was obtained by using the same CL system in a conventional FI method [22]. 
Conventional FI methods using other luminol systems have been also described for 
several individual AG antibiotics [26-28], but the method described here is the first one 
which use a microfluidic system for AG determination using CL detection. 
 
Applications 
The method was applied to the analysis of two tap and two river water samples 
using the procedure above described. Aliquots of the samples were first analysed to 
check the potential presence of AG antibiotics but no analytes were detected. A 
recovery study was carried out by adding two different neomycin amounts to each 
sample, so that the analyte final concentrations were 0.5 and 1.5 µmol L-1. Table 4 
shows the recovery values obtained, which ranged between 80.0 and 120.0 %. 
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Table 3. Figures of merit of chemiluminescence methods for aminoglycoside 
determination 
Aminoglycosides Method/Chemical system Analytical range 
(μmol  L-1) 
LOD 
(μmol  L-1) 
Applications/Comments Reference 
Amikacin Conventional FI 
Luminol/H2O2/Cu(II) 
16.9 – 34.2 5.1 Pharmaceutical 
formulations 
[22] 
Amikacin RP-HPLC 
Luminol/H2O2/Cu(II) 
0.3 - 3.4 8.5x10-2 
 
Human plasma and 
urine samples 
Post-column CL reaction 
[24] 
Amikacin 
Streptomycin 
Kanamycin B 
Paromomycin 
Neomycin B 
Strong cation-exchange-
HPLC 
Luminol/H2O2/Cu(II)/Triton 
X-100 micelles 
4.3x10-3 - 8.5x10-2 
4.3x10-2 - 0.9 
6.2x10-2 - 1.5 
4.9x10-3 - 0.1 
5.5x10-3 - 0.1 
1.2x10-3 
1.2x10-2 
2.1x10-2 
1.4x10-3 
1.6x10-3 
Water samples. 
Sample 
preconcentration  using 
SPE and post-column CL 
reaction 
[25] 
Amikacin Conventional FI 
Luminol/diperiodatoargent
ate (III) (DPA) 
5.1 x 10-2 - 5.1 1.9 x 10-2 Serum samples 
DPA was freshly 
prepared using AgNO3, 
NaIO4, K2S2O8 and KOH 
[26] 
Streptomycin Conventional FI 
Luminol/KIO4/Mn(II) 
10-2 – 1.7 5.2 x 10-3 Milk samples [27] 
Gentamicin Conventional FI 
Luminol/NaClO 
2.1 - 8.4 5x10-2 Pharmaceutical 
formulations 
[28] 
Gentamicin Conventional FI 
TCPO/H2O2/Imidazole/SDS 
micelles 
8.2 - 62.8 
 
2.5 Pharmaceutical 
formulations 
A previously formed 
gentamicin-OPA-NAC 
derivative participates in 
the CL reaction 
[29] 
Gentamicin Conventional FI 
Electrogenerated 
Co(III)/H2SO4 
2x10-2 - 168 10-2 Pharmaceutical 
formulations  
Direct CL reaction of 
gentamicin and Co(III)  
[30] 
Neomycin 
Streptomycin 
Amikacin 
µFI 
Luminol/H2O2/Cu(II) 
0.3 – 3.3 
0.9 - 13.7 
0.8 - 8.5 
9x10-2 
0.28 
0.24 
Water samples This work 
TCPO: bis(2,4,6-trichlorophenyl)oxalate; OPA: o-Phthaldehyde; NAC: n-Acetylcysteine 
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    Table 4. Determination of neomycin in water samples 
 
 
 
 
 
 
 
 
 
Conclusions 
The method describes for the first time the miniaturized determination of AG 
antibiotics by developing a FI system in a microfluidic device. The results obtained confirm 
the usefulness of this approach for quantitative purposes, using the inhibition caused by 
these compounds on the CL reaction between luminol and hydrogen peroxide catalyzed by 
Cu(II).The use of microfluidics provides several advantages, such as simplicity and low 
consume of sample and reagents. Also, the method allows the fast automatic determination 
of AG antibiotics and can readily be adapted to the miniaturized determination of other 
analytes, owing to the versatility of the system. Thus, for instance, the use of microfluidic 
systems is a trend in the development of new bioassays [31]. 
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Sample Added (µmol L-1) Found (µmol L-1) Recovery (%) 
Tap water 1 0.5 0.5 ± 0.1 100.0 
1.5 1.6 ± 0.1 106.7 
Tap water 2 0.5 0.4 ± 0.1 80.0 
1.5 1.5 ± 0.1 100.0 
River water 1 0.5 0.5 ± 0.1 100.0 
1.5 1.46 ± 0.06 97.3 
River water 2 0.5 0.6 ± 0.1 120.0 
1.5 1.55 ± 0.07 103.3 
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Determination of fluoroquinolone antibiotics by microchip 
electrophoresis and fluorescence detection 
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A simple and rapid microchip electrophoresis methodology for the determination of 
the fluoroquinolone antibiotics norfloxacin and ciprofloxacin with fluorescence detection is 
developed. The electrophoretic separation is achieved in less than 3 min, using a non-
permanent coating with hydroxy propyl methyl cellulose in acidic media, and γ-cyclodextrins 
as additives to the running buffer. 
The dynamic ranges of the calibration graphs and the detection limits obtained for 
norfloxacin and ciprofloxacin were 1.1–10.0 and 1.67–10.0 µg mL-1, and 0.33 and 0.50 µg mL-
1, respectively. The precision of these methods, expressed as relative standard deviation, 
was in the range of 5.08 - 9.15 % for the peak height, and 5.00 – 5.19 % for the retention 
time.  
 
 
Abbreviations: MCE: microchip electrophoresis, CZE: capillary zone electrophoresis, EOF:  
electroosmotic flow, FQs: fluoroquinolones, CD: cyclodextrin, HPMC: Hydroxy propyl methyl 
cellulose, MEKC: micellar electrokinetic chromatography, CPF: ciprofloxacin, NF: norfloxacin, 
ACN: acetonitrile, SDS: sodium dodecyl sulphate, SI: sample inlet, SO: sample outlet, BI: 
buffer inlet, BO: buffer outlet. 
 
Capítulo 3 
118 
 
1. Introduction 
The development of analytical methodologies using microfluidic devices for the 
implementation of “lab-on-a-chip” platforms is an emerging research trend.  Particularly, 
microchip electrophoresis (MCE) has been applied widely. Some reviews report the last 
advances in this methodology [1-3]. The advantages of microchip separations over 
conventional analytical methods include low reagent and sample consumptions, simple 
manipulation, low analysis time and portability in some cases.  
Many coating methods have been used in capillary zone electrophoresis (CZE) and MCE 
in order to increase the hydrophilic property of the microchannel and reduce the adsorption 
of some biomolecules on the inner wall. Furthermore, the coating contributes to the 
stabilization, and in some cases, the suppression of the electroosmotic flow (EOF), being the 
separation of the analytes only a consequence of their electrophoretic mobility [4]. Dynamic, 
or non-permanent coating, is the easiest way for surface modification. Hydroxy propyl 
methyl cellulose (HPMC) is a non-ionic cellulose derivative used for this purpose, which is 
stable at acidic and neutral pH; however, at basic pH the coating becomes instable exhibiting 
an increase of the electroosmotic flow (EOF) [5].  
Cyclodextrins (CDs) have been frequently used in CZE as buffer modifiers for chiral 
separation of enantiomers. Enhancement of selectivity by the use of CDs is possible due to 
the inclusion of the analytes in the hydrophobic cavity of these molecules. Natural and 
nonionic CDs comprise a family of macrocyclic oligosaccharides, where the most common 
ones are α-CD, β-CD and γ-CD with six, seven and eight subunits of glucopyranose 
respectively [6].  
Fluoroquinolones (FQs) are a group of antibiotics that act against Gram-negative and 
Gram-positive bacteria, which activity is based on the inhibition of DNA synthesis [7]. These 
antibiotics have widely been employed in human and veterinary treatment. Furthermore, 
FQs present native fluorescence and for this reason they are able to be determined without 
needing derivatization [8]. These analytes have been determined in various types of matrices 
(food, biological, environmental or pharmaceutical) employing different methodologies, 
mainly HPLC and CZE combined with different detection methods [6-8]. Several 
methodologies achieved the separation by CZE at basic pH and relative high concentration of 
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the running buffer [9, 10], or with the addition of organic solvents [8, 11, 12] or by MEKC 
[13]. Even this technique has been recently modified using hydrophobic ionic liquids [14]. 
The migration time resulted to be higher than 6 min in all cases. 
This work develops a simple and rapid method for the determination of ciprofloxacin 
(CPF) and norfloxacin (NF) by MCE, employing HPMC for non-permanent coating and adding 
γ-CD as modifier of the buffer separation media. To the best of our knowledge, this is the 
first time that the separation of two FQs has been performed by MCE in less than 3 min.  
 
2. Experimental 
2.1. Apparatus and Instruments  
Figure 1 depicts a scheme of the experimental setup. A glass microchip model X-8050, 
supplied by Micronit (The Netherlands), with a simple cross injection and a separation length 
of 80 mm, was used. The channels are 50 µm wide and 20 µm deep. The microchip was 
assembled to a home-made fluidic chipholder incorporating an infrared filter. An inverted 
fluorescence microscope, described elsewhere [15], was utilized. Briefly, in consist on a 
microscope (Olympus IX 50) was equipped with a 100W mercury lamp as excitation source. 
An excitation filter (280–380 nm), an emission filter (>420 nm), and a dichroic mirror (400 
nm) were used for epifluorescence detection. The fluorescent light was registered by a PMT 
detector (Hamamatsu 7711–03), provided with an adjustable optical aperture (Till Photonics, 
Gräfelfing Germany). A video camera visualized the detection area, illuminating it with IR 
light with the aid of a halogen lamp. A video camera (PCO Computer Optics, Kehlheim, 
Germany) was connected to the microscope. A bipolar four-channel high-voltage source, 
manufactured by F.u.G.-Elektronik (Rosenheim, Germany), was used. A vacuum pump model 
MZ 2 NT (Vacuubrand) was used for filling, emptying and replenishing the channels of the 
microchip. Data from the PMT were acquired and processed using an INT-9 analogue-to-
digital converter and the Clarity Chromatography Station software (DataApex, Prague, Czech 
Republic). 
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Figure 1. Scheme of the microchip electrophoresis system for fluoroquinolone antibiotics determination using 
an epifluorescence setup. 
 
For CZE, a homebuilt setup described previously [5] was provided with a fused-silica 58-
cm-long capillary (75 μm internal diameter, effective length 36 cm). An excitation filter (280–
380 nm) and an emission filter (>400 nm), were used for fluorescence detection.  In addition, 
an Agilent 7100 CE system (Agilent) provided with a fused-silica 55-cm-long capillary (75 μm 
internal diameter, effective length 46.5 cm) was used. In this instance, the analytes were 
determined photometrically at λ=270 nm.  
 
2.2.  Reagents 
All chemicals used were of analytical grade.  A 50 mmol L-1 γ-CD (...) solution was 
prepared in 40 mmol L-1 phosphate buffer solution (...), adjusted to pH=4.5. CPF (1000 µg 
mL-1, Sigma) and NF (1000 µg mL-1, Sigma) solutions were prepared in 0.1 mol L-1 sodium 
hydroxide (Reinhaus-Chemie GmbH) and stored at 4°C until use. Standard FQ solutions were 
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prepared diluting adequately in buffer solution. HPMC (with a viscosity of approximately ~15 
mPas, 2% in H2O (25 ºC)) 0.05 % (m/v) (Fluka) was prepared in the same buffer solution. 
Other solutions used were β-CD, α-CD, acetonitrile (ACN) and sodium dodecyl sulphate 
(SDS.). All solutions were filtered using syringe filters with 0.45 µm pore size before fulfilling 
de microchip. 
 
2.3. Procedures 
2.3.1. Conventional CZE 
For the previous assays developed in the home-built CE system, the capillary was 
preconditioned with NaOH 0.1 mol L-1 for 5 min, followed by deionized water for 5 min and 
running buffer for 5 min, at N2 pressure. FQs mixture was introduced hydrodynamically 
during 5 s.  At the end of the day, the capillary was cleaned with water for 4 min and finally 
flushed with air for 4 min.  The PMT was at 800 V. Two different experiences were 
performed. In the first one the electrophoretic separation was achieved by applying a 
voltage of 16 kV in normal mode. Running buffer consisted on an aqueous solution of 50 
mmol L-1 sodium tetraborate, adjusted to pH 10.2, containing SDS 125 mmol L-1. In the 
second experience, the separation was developed at 20 kV with a running buffer of 20 mmol 
L-1 sodium tetraborate adjusted to pH 8.0 containing 50% of ACN.  
For the CZE assays the capillary was preconditioned and cleaned after use as described 
above. The mixture of FQs with γ-CD was introduced hydrodynamically using a pressure of 
50 mbar during 10 s. The separation was performed applying a voltage of 15 kV at 25 ºC in 
phosphate buffer, by assaying different pH values.  
 
2.3.2. Microchip electrophoresis 
For filling, emptying and replenishing, SI, BI and SO were fulfilled with the correspondent 
solution, followed by the rinse of the channels applying vacuum at the buffer outlet BO. 
Before use, the chip was preconditioned with NaOH 0.1 mol L-1 for 5 min, followed by 
deionized water for 5 min, HPMC 0.05 % (m/v) in buffer solution for 2 min and running 
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buffer solution for 2 min. Finally, the BO was filled with buffer solution. Between 
consecutive measurements, channels were flushed with HPMC solution in order to conserve 
the non-permanent coating.  For the introduction of the sample, SI was emptied and filled 
with sample solution, followed by placing the electrodes in the cover plate in each hole. A 
pinched injection mode was employed [16], applying voltages of 0.8 kV, 0.9 kV, 0 kV and 2.0 
kV in SI, BI, SO and BO, respectively, in the injection step during 25 s; and 1.9 kV, 2.4 kV, 1.9 
kV and 0 kV for SI, BI, SO and BO respectively in the separation step. The PMT was put at 
500V. For cleaning and storage, the chip was filled with 96% H2SO4 /30% H2O2 (3:1) until next 
use. The detection point was at 7 cm from the cross section.  
Each standard was assayed three times. The linear calibration graphs were obtained by 
plotting the fluorescent signal versus the antibiotic concentration. 
 
3. Results and discussion 
3.1. Study of the MCE system  
All experiments were firstly assayed in conventional CZE in order to carry out a previous 
study of the system, and the experimental conditions were adapted to the microchip 
separation. Both FQs exhibit the same excitation and emission spectra, showing maximum 
fluorescence intensity at λem=412 nm (λex=335 nm). For this reason, an excitation filter of 
λ=280–380 nm, an emission filter of about 420 nm, and a dichroic mirror of λ=400 nm were 
chosen for the epifluorescence detection. 
The chemical structures of CPF and NF are very similar, as they only differ in a methyl 
group present in the CPF molecule, as it is shown in Fig 2. In addition, their acid-basic 
behaviour is very similar, with pKa1 of 6.18 and 6.30 from the carboxylic group and pKa2 of 
8.24 and 8.51 from the amine group for CPF and NF, respectively. The separation of these 
analytes using CZE is achieved with a relative high concentration of the running buffer (~120 
mmol L-1) and a basic pH (~9.2) [9, 10], or by the addition of ACN as organic solvent [11, 12] 
or SDS [13], but it was not achieved using MCE under the same experimental conditions, due 
to the shorter length of the separation channel. Thus, no separation was observed in the 
presence of ACN, and only two poorly resolved peaks were obtained using SDS.  
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   Figure 2. Chemical structure of the FQs assayed. 
The use of CDs was assayed to improve the separation. Because these molecules are 
neutral, they migrate with the EOF, being the different mobility of the analytes function of 
their affinity constant with the CDs. Three different types of CDs (α, β and γ) in acidic, 
neutral and basic media were assayed in CE. Two peaks were observed using β-CD at basic 
pH and γ-CD at acidic pH, but no separation was observed in the presence of α-CD. 
Translating the experimental conditions to MCE, no separation was performed with β-CD, 
but an adequate separation was observed using γ-CD as additive in the running buffer.  
 The usefulness of a HPMC solution as non-permanent coating in this MCE 
electrophoresis was assayed. It was necessary to replenish the channel with HPMC between 
consecutive measurements in order to achieve reproducible results. Figure 3 shows two 
electropherograms in which can be seen the effect of HPMC. A complete separation of the 
peaks is achieved with the non-permanent coating in the presence of CD, although the 
migration time increases.  
 
 3.2. Optimization of variables 
 In order to optimize the concentration of CD, several assays were performed. Figure 
4 shows the electropherograms obtained using 10, 30 and 50 mmol L-1 γ-CD. This study 
demonstrates that the resolution improves at high CD concentration, despite the increase in 
the migration time. However, the net signal was not affected with this variable. As it can be 
seen, utilizing 30 mmol L-1 γ-CD, an acceptable resolution of the peaks was achieved.  
Norfloxacin 
M=319.331 g/mol 
pKa1(-COOH)=6.30 
pKa2(-NH2)=8.51 
 
Ciprofloxacin 
M=331.346 g/mol 
pKa1(-COOH)=6.18 
pKa2(-NH2)=8.24 
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Figure 3. Microchip electrophoresis of (1) NF and (2) CPF 10 μg mL
-1
, in the presence (A) and in the absence (B) 
of HPMC 0.05% (m/v) in the separation buffer. Separation length: 7.0 cm. Phosphate buffer 20 mmol L
-1 
with γ-
CD 30 mmol L
-1
, pH 3.0. Injection potentials: SI 0.8/BI 0.9/SO 0/ BO 2.0 kV. Separation potentials: SI 1.9/BI 
2.4/SO 1.9/BO kV. tiny= 25s. λex: 280-380 nm, λem> 420 nm. 
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Figure 4. Influence of γ-CD in the electrophoretic separation using 50 mmol L
-1
 (A), 30 mmol L
-1
 (B) and 10 
mmol L
-1
 (C), in the presence of HPMC 0.05% (m/v). NF and CPF 5 μg mL
-1
.
 
Phosphate buffer 20mmol L
-1
, pH 4.5. 
The rest of experimental conditions are the same than employed in fig. 3. 
 (A) 
 (B) 
(A) 
(C) 
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 The influence of pH was also studied in a range between 2 and 5, using phosphate 
buffer 40 mmol L-1. The peak height remains constant until a value of pH=4.5, after that the 
signal decreased. In addition to this, the migration time slightly increased with the pH. A 
pH=4.5 was chosen for further experiments.  
 
3.3. Analytical features of the proposed method 
Table 1 shows the features of the calibration graphs obtained for the FQs using the 
optimum values of the experimental variables. The analytical parameter used was the peak 
height obtained for each analyte. The dynamic ranges of the calibration graphs are 1.10 to 
10 μg mL-1 for NF and 1.67 to 10 μg mL-1 for CPF. The values of the correlation coefficients, 
0.998 (n=10, r=3) for NF and 0.993 (n=10, r=3) for CPF, show the good linearity of the 
calibration graphs. The detection limits for NF and CPF were calculated according to IUPAC 
recommendation [17].  
 
Table 1. Analytical features of the compounds assayed 
(a) σy/x: standard deviation of residuals.  
(b) LOD: limit of detection.  
 
The study of the precision, expressed as the percentage of relative standard deviation, is 
shown in Table 2. These values were obtained for two concentration levels of each analyte 
(n = 8), which corresponds with the zone of minimum and maximum error of the calibration 
graphs. The values obtained ranged between 5.08 and 9.15 %. A study of the precision of the 
Analytes Calibration graphs r2 σy/x 
(a) Linear range 
(μg mL-1) 
LOD (b) (μg mL-1) 
Norfloxacin FL = 1.68 (± 0.11) + 1.01 (± 0.02) x C 0.998 0.146 1.10 – 10.0 0.33 
Ciprofloxacin FL = 0.38 (± 0.16) + 0.96 (± 0.03) x C 0.993 0.214 1.67 – 10.0 0.50 
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migration time was also performed. Their relative standard deviation (n=8), are also shown 
in Table 2. The estimated sampling frequency under the working conditions was about 6 h−1, 
which includes all the steps of the process. 
                       Table 2. Precision study 
 
 
 
(a) Relative standard deviations achieved (n=8) at two concentration levels, which correspond 
to the minimal and maximal error zones at the calibration graphs. 
4. Final remarks 
The proposed method describes for the first time the determination of the FQ antibiotics 
CPF and NF in a microchip electrophoretic device with fluorescence detection using HPMC 
for non-permanent coating and γ-CD as additive to the runnig buffer. These experimental 
conditions are different than others employed in conventional CZE.  The results obtained 
demonstrate that the method is appropriated for the separation of these compounds in 
different real samples without any appreciable difficulty.  
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The usefulness of time-resolved terbium sensitized luminescence as detection system 
in microfluidic electrophoresis (MCE) using laser excitation and on-capillary derivatization 
reaction is described. The system has been applied to the determination of three 
fluoroquinolone (FQs) antibiotics, ciprofloxacin, enrofloxacin and flumequine, which were 
chosen as model analytes. The luminescence of the Tb(III)-FQs chelates was measured at λex 
337 and λem 545 nm. The analytes were separated and quantified under optimum 
experimental conditions in less than 4 minutes. A previous solid phase extraction step for 
analyte preconcentration was included. Dynamic ranges of the calibration graphs obtained 
for ciprofloxacin, enrofloxacin and flumequine are 10.6–60.0, 10.3–51.0 and 11.5–58.8 ng 
mL−1, respectively, and the detection limits are 3.2, 3.1 and 3.6 ng mL−1, respectively. The 
precision was established at two concentration levels of each analyte, obtaining relative 
standard deviation values in the range of 3.0 - 9.9%. The method was applied to the analysis 
of water samples. 
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Abbreviations: BGE: background electrolyte; BI, buffer inlet; BO,  buffer outlet; CIP, 
ciprofloxacin; CPC, cetylpiridinium chloride; DAN, danofloxacin; DIF, difloxacin; EMEA, 
European Agency for the Evaluation of Medicinal Products; ENR, enrofloxacin; FLU, 
flumequine; FQs, fluoroquinolones; HV, high-voltage; HVPS, high-voltage power supply; KHP, 
potassium hydrogen phthalate; LEV, levofloxacin; LOM, lomefloxacin; MAR, marbofloxacin; 
MCE, microchip electrophoresis; NOR, norfloxacin; OFL, ofloxacin; OXO, oxolinic acid; 
PWHM, positive width at haft of the maximum; PRR, pulse repetition rate; SBW, spectral 
bandwidth; SI, sample inlet; SO, sample outlet; TOPO, tri n-octylphosphine oxide; TRS, Time-
resolved signal; TSL, Terbium-sensitized luminescence. 
 
1. Introduction 
The development of analytical methods involving the use of microfluidic devices is an 
interesting research pathway due to the special features of these miniaturized systems, such 
as low reagent and sample consumptions, simple manipulation, fast analysis time and 
portability. Microfluidic devices are able to integrate different processes on a single chip, 
such as separation, reaction and detection, which constitutes the well-known micro total 
analysis systems (µ-TAS) or “lab-on-a-chip” systems [1, 2]. In spite of their desirable features, 
these miniaturized methods still require the improvement of component integration for 
their consolidation and easy application to the analysis of real samples [3,4]. 
 Since the first articles about microchip capillary electrophoresis (MCE) [5,6], a 
relatively high number of methods for the determination of species of interest in different 
analytical areas, such as food [7] and clinical [8] analysis have been described. Also, the 
potential usefulness of this technique for in situ analysis in the research for extraterrestrial 
life has been discussed [9]. A limitation of most MCE methods is their scarce practical 
application, which can be explained by their relatively poor sensitivity. Different approaches, 
mainly involving the previous use of a solid phase extraction step, have been described to 
improve this analytical property [10]. Also, a suitable MCE system requires short analysis 
times, reproducible separations, accuracy, ruggedness and easy to use. 
Laser-induced fluorimetry (LIF) is again the most optical detection systems used in 
MCE methods, although an inherent limitation is the relatively low number of compounds 
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with intrinsic luminescence [11]. However, different strategies to increase its use, most of 
them based on derivatizing reactions using conventional fluorescent compounds, have been 
described. The aim of the study presented here is to show the usefulness of terbium(III) as 
on-capillary derivatizing reagent to use time-resolved terbium sensitized luminescence (TSL) 
as an alternative detection system in MCE. 
Terbium chelates show special luminescence features, such as large Stokes shift, 
narrow emission bands and long luminescence lifetime. These features have given rise to the 
development of relatively sensitive and selective methods for the determination of different 
organic compounds, such as fluoroquinolones (FQs) [12]. The interest in the determination 
of FQs from an environmental point of view is due to their wide use as broad spectrum 
antibiotics for human and veterinary treatments, which generate residues that are expected 
to enter the environment, being most of them excreted in active form. In fact, a large 
number of pharmaceutical residues, including FQs, have been detected in environmental 
matrices such as waters and soils [13-18]. A revised guideline on environmental impact 
assessment for veterinary medicinal products has been published [19]. 
The carboxylate and the keto oxygen atoms of FQs allow the formation of chelates 
that show the characteristic luminescence emission of terbium(III) ion at 545 nm via an 
intramolecular energy transfer process. Several methods, most of them for screening 
purposes, have been described for the direct determination of FQs using TSL [20-24]. Also, 
terbium(III) has been used as postcolumn derivatizing reagent in liquid chromatography for 
the determination of several FQs in milk samples [25]. However, although capillary 
electrophoresis (CE) has been also used for FQs determination [26], to the best of our 
knowledge, TSL has not been described as a detection system for this purpose. Two FQs, 
norfloxacin and prulifloxacin, have been determined by CE and chemiluminescence 
detection using the cerium(IV)-sulfite-FQ reaction sensitized by terbium(III) [27] 
 The method presented here describes for the first time the combined use of MCE and 
TSL as detection system, using a laser as excitation source. The analytical usefulness of this 
approach is shown by its application to the determination of ciprofoxacin, enrofloxacin and 
flumequine, which were chosen as model analytes. 
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  2. Experimental 
  2.1. Apparatus and Instruments 
  The experimental arrangement used is depicted in Figure 1. A nitrogen laser model VSL-
337ND-S (Spectron Laser Systems, Warwickshire, UK) was used as excitation source, which 
operates under the following output features: λex = 337.1 nm, spectral bandwidth (SBW) = 
0.1 nm, pulse repetition rate (PRR) = 1 to 30 Hz, full width at haft maximum (FWHM) < 4 ns, 
typical pulse energy > 300 µJ, peak power > 75 kW and an average power > 7.2 mW. The 
pulsed beam was focused by a 135 mm focal-length plano-convex lens (25 mm of diameter 
with a focused spot diameter of 15 mm, Melles-Griot, Optical System Group, Rochester, NY, 
USA) on a Micronit glass microchip (model T-8050, Micronit Microfluidics BV, Enschede, The 
Netherlands). The microchip was assembled to a home-built polymethacrylate chip-holder 
integrated in an X-Y-Z positioner (Oriel Instruments, Stratford, CT, USA) to allow fine 
positioning into the microchannel. The luminescence emission was collected at 45° of the 
beam trajectory to a photomultiplier tube (Model 77360 PMT equipped with a Model 70705 
power supply, Oriel Instruments, Stratford, CT, USA) through a microscope objective (1/f´= 
1.5 mm). A Czerny-Turner 1/8 m MS125 spectrograph was used to disperse the emitted 
radiation (model 77400, Oriel Instruments, Stratford, CT, USA), equipped with a variable slit 
accessory (Model 77263, Oriel), adjustable from 0.05 to 3.16 mm, and a bandpass range 
between 0.5-20 nm. The PMT operated at 900 V. The signal was acquired by a real-time 
digital oscilloscope (Model TDS 380, Tektronix, Berkshire, UK) synchronized with the laser via 
an internal trigger signal and with a sampling rate of 1000 s-1. Data from the oscilloscope 
were acquired via a GPIB/UBS interface to a PC computer (windows 7) and processed using 
the System Development Graphics Programmable Software NI Labview 2011 (National 
Instruments, Austin, TX, USA). The power supplied was provided with a LabSmith 
Microfluidics High Voltage Power Supply, model HVS448 (LabSmith, Livermore, CA, USA), 
which was provided with HVC High Voltage Cable Kits and MC8 Micro Clips in which 
platinum wires were attached and used as electrodes. The system was isolated from the 
natural light using a box dark chamber. Nylon syringe filters (13 mm) with a pore size of 0.45 
µm (Análisis Vínicos, Ciudad Real, Spain) were used for the filtration of all solutions prior to 
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their use to filling the microchip. A Cary Eclipse Varian spectrofluorimeter (Walnut Creek, CA, 
USA) was also used to perform the luminescence spectra of the terbium(III)-FQ chelates. 
 
                     
 
Figure 1. Scheme of the experimental setup utilized. 
 
   
       2.2. Reagents 
All chemicals used were of analytical grade. Standard solutions (1000 µg mL-1) of 
flumequine (FLU, Sigma), ciprofloxacin (CIP) and enrofloxacin (ENR, Fluka) were prepared in 
10 mmol L-1 sodium hydroxide (Merck), filtered and stored refrigerated at 4 °C until use.  
Other quinolone solutions [danofloxacin (DAN), difloxacin (DIF), levofloxacin (LEV), 
lomefloxacin (LOM), marbofloxacin (MAR), norfloxacin (NOR) Sigma] were prepared is a 
similar way. A 100 mmol L-1 terbium(III) solution, prepared from terbium nitrate 
pentahydrate (Aldrich), and a 100 mmol L-1 potassium hydrogen phthalate (KHP) (Aldrich) 
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buffer solution (pH=5.7) were prepared in water. The background electrolyte (BGE) solution 
was prepared by diluting these solutions at a final concentration of 15 mmol L-1 terbium(III) 
and 20 mmol L-1 KHP, adjusting the pH at 5.7 with a 100 mmol L-1 sodium hydroxide solution. 
Working solutions of the FQs were prepared by dilution of the standard solutions in 20 mmol 
L-1 KHP buffer solution. Other buffer solutions [ammonium acetate, sodium acetate, 
phosphoric acid, tris(hydroxymethyl) aminomethane (TRIS), 2-(N-morpholino)ethanesulfonic 
acid (MES) and sodium maleate] were also assayed as BGE solutions. Tri n-octylphosphine 
oxide (TOPO), cetylpiridinium chloride (CPC), EDTA and SDS solutions were prepared to 
study the luminescent system. All solutions were previously filtered through a 13 mm nylon 
syringe filter with a 0.45 µm pore size in order to avoid microchip clogging. A Supelco HLB 
Oasis Vac Cartridge (30 µm, 80 Å, 60 mg, 3 ml), a High Capacity C18 cartridge (50 µm, 60 Å, 
500 mg, 4 ml) from Alltech, and methanol from Sigma (Sigma-Aldrirch Química, Madrid, 
Spain) were used for SPE.  
 
2.3. Procedures 
The enclosed channels length of the microchip is 3 cm from the analyte well to waste 
well passing through the injection cross, 1.5 cm from the buffer well to the injection cross 
and 7.5 cm from the injection cross to waste well.  
  MCE experiments. The procedure used to fill, empty and replenish all solutions from the 
microchip was as follows: 1) Three of the wells, corresponding to buffer inlet (BI), sample 
inlet (SI) and sample outlet (SO) were filled with their corresponding solutions, and 2) The 
microchannels were rinsed by applying vacuum at the buffer outlet (BO) well.  
 A solution containing CIP, ENR and FLU was selected as model. The sample injection 
and subsequent electrophoretic separation were developed in two consecutives stages. In 
this way, the SI well was emptied and filled with the sample solution, followed by placing the 
platinum wires in each hole. The pinched injection mode [28] was used for the injection 
stage. Voltages of 500 V, 225 V, 0 V and 250 V were applied at the SI, BI, SO and BO, 
respectively. After 25 s, the voltage was switched to the separation mode with 1500, 2000, 
1500 and 0 V for the SI, BI, SO and BO, respectively.  
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Microchip maintenance. The microchip maintenance was carried out in three stages: 
Preconditioning, between each injection/separation cycle and for conservation/storing. The 
preconditioning stage consists on preparing the microchip prior to its use by filling with 100 
mmol L-1 sodium hydroxide solution for 5 min, following by a washing step for 5 min with 
deionized water, and finally, running BGE solution for 2 min. Before its use, the BO is also 
filled with the BGE solution. The consecutive injection/separation stage supposes a washing 
step between consecutive samples by passing through the microchip sequential solutions 
containing 100 mmol L-1 hydrochloric acid, deionized water, 100 mmol L-1 sodium hydroxide, 
deionized water and the BGE solution. The whole time required for this stage was about 2 
min. For the conservation and storage of the microchip, the microchannels were filled with 
500 mmol L-1 hydrochloric acid until next use. Platinum wires were cleaned with 100 mmol L-
1 hydrochloric acid and deionized water prior to use. 
 
2.4. Analysis of water samples 
Water samples were acidified at pH 1 with hydrochloric acid, filtered with a cellulose 
filter and stored at 4˚C until use. Sample clean-up was done using SPE cartridges, which were 
conditioned with 3 mL of methanol and 3 mL of water adjusted at pH 4.0 with hydrochloric 
acid. Then, 25 mL of sample or standard solution, previously adjusted to pH 4.0, were loaded 
and subsequently the cartridge was rinsed with 3 mL of water at pH 4.0. Elution was carried 
out with 2 mL methanol–water (75:25, v/v) and 2 mL methanol. The eluate was brought to 
dryness at 45 ˚C under a stream of nitrogen and reconstituted with 100 µL of KHP 20 mmol L-
1 solution, achieving a preconcentration factor of 250. 
 
3. Results and discussion 
3.1. Characterization of the luminescent system 
The excitation spectra of the terbium(III)-FQ chelates showed the typical wide bands 
corresponding to the molecular absorption of the ligand, while the emission spectra showed 
the narrow bands corresponding to the emission of terbium(III), being usually the most 
intense one that at 545 nm. Most of the FQs exhibit similar excitation wavelengths at around 
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337 nm, excepting MAR, which shows a maximum excitation at 355 nm [25]. The excitation 
wavelength used was that provided by the N2-laser excitation source (337.1 nm), choosing 
545 nm as emission wavelength. 
 The use of synergetic agents can remove water molecules surrounding the lanthanide 
ion inside its coordination sphere, allowing an enhancement of the luminescence intensity 
[12]. Different mixtures of TOPO, CPC, EDTA and SDS were assayed in the range 1–100 mmol 
L-1 for this purpose. It was found that TOPO and CPC did not have any effect on the 
luminescence of the system. The addition of 80 mmol L-1 EDTA and 2 mmol L-1 SDS solutions 
caused an intense and wide emission band, with a maximum at 450 nm, which corresponds 
to the fluorescence of the FQs dissociated from the previous formed terbium(III)-FQ 
complexes. Although this emission wavelength could be used to obtain fluorescence 
measurements, the relatively narrow separation between the laser excitation and the 
emission wavelengths requires the use of very narrow excitation and emission slits, 
decreasing the fluorescence signal. 
 Because terbium(III)-FQ chelates possess longer emission time than other 
fluorophores, a temporal selectivity could be achieved using time-resolved measurements.  
The oscilloscope, which measures in units of time on the x-axis, is able to discriminate 
between the lifetimes of the complexes and those of the laser pulse and other fluorescent 
species. Figure 2 A shows the acquired signals in the presence and the absence of the 
terbium(III)-FQ chelate. The analytical parameter used for the quantification of FQs was Δω, 
which is the difference between the positive width at half of the emission maximum 
(PWHM) of the terbium(III)-FQ chelate and that of the laser pulse.   
 
3.2. Study of the MCE system 
In order to avoid the modification of microchip design by including an additional 
channel for post-column derivatization, two different ways to introduce terbium into the 
system were assayed. Firstly, the lanthanide was previously added with the mixture of FQs 
and, secondly, to the BGE along the microchannels. The results obtained showed that in the 
first case the peaks were tailing, whereas in the second case the peaks were more 
symmetric, choosing this last option for further experiments. A limitation of the use of 
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terbium is its precipitation inside the channel when a high voltage is applied and the current 
becomes too high, which requires the use of low separation voltages although the analysis 
time increases. 
 
                 
 
Figure 2. (A) Signals acquired in the oscilloscope: 1) Laser pulse signal, 2) terbium-CIP chelate signal. (B) 
Electropherogram obtained under optimum conditions. PWHM: positive width at half of the maximum. [CIP] = 
[ENR] = [FLU] = 36 ng mL
-1
.  Separation length: 6.2 cm. Buffer solution (pH 5.7) containing 20 mmol L
-1 
KHP and 
15 mmol L
-1 
terbium(III). tinj = 25 s. λex 337 nm, λem 545 nm. Injection potentials (in V): SI (500), BI (225), SO (0) 
and BO (250). Separation potentials (in V): SI (1500), BI (2000), SO (1500) and BO (0). 
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 The study of the behavior of different FQs on the separation system showed that 
MAR is not detected, due to its maximum excitation wavelength at 355 nm, higher than the 
laser radiation wavelength. Several assays were carried out to study the electrophoretic 
behavior of other FQs, such as CIP, ENR, FLU, DAN, LEV, DIF NOR and LOM, choosing the 
three firsts as model analytes to study the usefulness of time-resolved TSL in MCE. The FLU 
peak was not interfered by the other FQs assayed but some overlap was found for ENR, 
DAN, LEV and DIF, and for CIP, NOR and LOM peaks. A typical electropherogram of CIP, ENR 
and FLU is shown in Figure 2 B, in which can be seen the migration times obtained: 2.8 min 
for CIP, 3.16 min for ENR and 3.66 min for FLU. 
 
 3.3. Optimization of variables 
 The variables affecting the system were optimized following the univariate method 
and using Δω as the analytical parameter. Each analytical result was the average of at least 
three measurements. Table 1 summarizes the variables studied, the range assayed for each 
variable and the values chosen.  
 The choice of the composition of the buffer is essential in the MCE system. In this 
way, ammonium acetate, sodium acetate, phosphoric acid, TRIS and sodium maleate caused 
terbium precipitation, and MES did not produce any current. However, KHP had a good 
behavior for the development of the MCE, being its concentration studied in a range 
between 10 and 50 mmol L-1. Concentrations higher than 30 mmol L-1 decreased the signal, 
and increased the migration time. 
 Migration time was influenced by the pH, although the signal intensity remained 
unchanged. The resolution of the MCE system remained constant at a pH range between 3 
and 5 and increased in the range of 5 - 7, but terbium(III) precipitates at higher pH values, 
choosing a pH of 5.7 as the optimum value. Terbium concentration influences also in the EOF 
and thus into the whole mobility of the positive charged FQs. The resolution increased with 
terbium(III) concentration but precipitation was observed when the concentration was 
higher than 20 mmol L-1. An optimum value of 15 mmol L-1 was chosen. 
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Table 1. Optimization of variables and other parameter requirements 
 Type of variable Variable Range studied Value chosen 
Chemical [KHP], mM 
pH 
[Terbium], mM  
10 – 50 
3 – 7 
5 – 25 
20 
5.7 
15 
MCE device Separation distance, cm 
Pinch injection time, s 
0 – 8 
10 – 40 
6.2 
25 
N2 Laser (LIF) and lab-built detector (Spectrograph/PMT) Excitation wavelength, nm 
Emission wavelength, nm 
PRR, Hz 
Pulse energy, mJ 
Entrance slit, mm 
Exit slit, mm 
PMT energy, V 
- 
400 – 600 
1 – 30 
> 300 
0.05 – 3.16 
0.05 – 3.16 
400 – 1500 
337.1 
545 
20 
~ 150 
3.16 
0.28 
900 
Digital Oscilloscope and LabView requirements Oscilloscope x-axis, ms 
                        y-axis, mV 
Integration time, nm 
2.5 · 10-6 – 5000 
2 – 10000 
200 – 500 
1 
100 
250 
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 A channel length of 6.2 cm was suitable for the separation of the analytes and the 
best luminescence signal was obtained using an injection time of 25 s. Laser pulse frequency 
was studied in the range of 6.8 - 33.5 Hz, selecting 20 Hz because higher values increased 
background noise. Monochromator slits were also studied, adopting 3.16 mm on the top 
monochromator in order to collect the whole light emission, and 0.28 mm on the bottom 
monochromator to discriminate well between the TSL and laser signals. The analytical signal 
increased with the photomultiplier power energy, although voltages higher than 900 V 
produced an enhancement of the background noise, selecting finally this energy as 
optimum. 
 An adequate synchronization between the oscilloscope and the PC was mandatory 
for a correct data transmission. Integration time (Ts) in Labview means the time interval that 
the software takes to acquire two consecutive data from the oscilloscope. This variable was 
studied in a range between 200 and 500 ms. The synchronization is difficult when Ts was 
lower than 250 ms, adopting this value as optimum. 
 
 3.4. Analytical features 
 Calibration graphs were obtained using the Δω value as the analytical parameter. 
Table 2 summarizes the figures of merit, which include the equation parameters, the 
dynamic ranges of the calibration graphs, the limits of detection (LOD) [29] and the precision 
of the method. The regression analysis was performed following the residual analysis 
method, which revealed a significant lineal correlation between the analytical parameter 
and the analyte concentration. Dynamic ranges of the calibration graphs for CIP, ENR and 
FLU are 10.6–60.0, 10.3–51.0, and 11.5–58.8 ng mL−1, and the LODs are 3.2, 3.1 and 3.6 ng 
mL−1, respectively. The precision was established using two sets of standard solutions (n = 
10), prepared at the minimal and maximal error zones of the calibration graph, obtaining 
values ranging between 2.97 and 9.9%. Sample throughput was estimated approximately as 
10 h-1. 
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     Table 2. Analytical features of the compounds assayed 
 
Analytes 
 
Calibration graphs 
 
r2 
 
σy/x 
(a) 
Linear range 
(ng mL-1) 
LOD (b) 
(ng mL-1) 
% RSD (c) 
 
Low level 
 
High level 
 
CIP 
 
FL = 51 (± 9) + 8.6 (± 0.2) x C 
 
0.991 
 
13.832 
 
10.6–60.0 
 
3.2 
 
4.43 
 
9.90 
 
ENR 
 
FL  = 21  (± 6) + 5.8 (± 0.2) x C 
 
0.987 
 
9.077 
 
10.3–51.0 
 
3.1 
 
2.97 
 
5.71 
 
FLU 
 
FL = 120 (± 9) + 7.4 (± 0.2) x C 
 
0.991 
 
11.883 
 
11.5–58.8 
 
3.6 
 
4.26 
 
8.06 
(a)σy/x : standard deviation of residuals. 
(b) LOD: limit of detection. (c) Relative standard deviations (n=10) achieved at two 
concentration levels: limit of quantification (low level) and concentration corresponding to the middle of each calibration graph 
(high level) 
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 3.5. Study of the SPE step and application of the method 
 SPE was employed for clean-up and preconcentration of water samples. Two 
cartridges containing a C18 nonpolar sorbent and an HLB polymeric sorbent were evaluated, 
obtaining better recoveries with the second type. The adjustment of the sample pH at 4 was 
essential for the correct retention of the FQs. The pH of the water used for washing the 
cartridge after the sample application was also adjusted to the same value. The use of 
methanol–water (75:25, v/v) for elution gave adequate recoveries for ENR and CIP, but FLU 
was not eluted. Thus, a second elution using pure methanol was included to achieve the FLU 
elution.  
The method was applied to the analysis of well and tap water samples. The recovery 
study was carried out by adding two different amounts of each analyte to 25 mL of each 
water sample, in order to obtain final concentrations of 12 and 32 ng mL-1 of each analyte. 
The spiked samples were analyzed using the SPE and MCE procedures above described. The 
results achieved are presented in Table 3, in which can be seen that the recovery values 
range between 75.0 and 111.2 %. 
 4. Concluding remarks 
 The usefulness of time-resolved TSL as detection system in MCE, using a laser as 
excitation source is described for the first time. This method allows the separation of 
selected FQs as models (CIP, ENR and FLU) in less than 4 min, which is lower than the time 
required, between 5.2 and 14.5 min, in other previously described methods using CE [30-33]. 
The voltage to be applied (2 kV) was less than those applied in other CE systems, which are 
in the range of 18 and 25 kV. The relative long emission wavelength of terbium reduces the 
interferences from some components of the sample matrix. A SPE procedure was used for 
sample clean-up of the samples and preconcentration of the analytes.  
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Table 3. Application of the method 
Water samples Concentration 
added (ng mL-1) 
Analytes 
CIP ENR FLU 
Found (1) (ng mL-1) Recovery % Found (1) (ng mL-1) Recovery % Found (1) (ng mL-1) Recovery % 
Tap 
12 9 ± 2 75.0 12.8 ±0.8 106.7 9 ± 1 75.0 
32 28.8 ± 0.4 90.0 34,0 ± 0.9 106.2 35 ± 2 109.4 
Well 12 11.6 ± 0.3 96.7 12.0 ± 0.4 100.0 9.2± 0.8 76.7 
32 24 ± 2 75.0 26 ± 1  81.3 35.6 ± 0.7 111.2 
(1) Values represented mean ± SD (n = 3). 
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Abstract 
The development of microfluidic systems has enabled the availability of new 
high-throughput methods with the features inherent to miniaturization, such as low 
consumption of sample and reagents, easy manipulation and reduction in analysis 
time. However, in addition to these advantages, miniaturized methods frequently 
present the limitation of low levels of two desirable basic properties: sensitivity and 
selectivity. The use of nanomaterials (NMs) in microfluidic methods is a recent trend 
mainly devoted to improve these analytical properties using their special physical and 
chemical features.  
This review reports a systematic study of the usefulness of NMs in the different 
steps of the analytical process developed in microfluidic systems: preconcentration, 
separation, reaction and detection. The advantages offered by NMs in each one of 
these steps are illustrated with representative recent examples that highlight the 
scientific interest in widening the use of nanotechnology in microfluidic methods. Also, 
the use of NMs in paper-microfluidic methods is briefly discussed. 
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1. Introduction 
Microfluidic systems constitute a clear example of the advances achieved in 
one of the main trends in Analytical Chemistry, which is the development of 
miniaturized analytical systems. A microfluidic device involves the manipulation of 
fluids in channels with dimensions of tens of micrometers and, usually, requires three 
basic components: a system to introduce samples and reagents, a system for moving 
the fluids around on the chip and a detector. The increasing interest in the use of 
microfluidics for analytical purposes is the result of their desirable features, such as 
low sample and reagent consumption and rapid detection time. Chemical, biochemical 
and genetic analysis, drug screening and chemical synthesis are examples of the 
application areas of microfluidic methods.  However, in spite of the advantages of 
these methods, they also show limitations in their sensitivity and selectivity, which 
restrict their application to the analysis of real samples. For instance, a frequent 
constraint inherent to miniaturization is the low signal-to-noise ratio obtained and the 
low detectability of the analytical signals.  
The use of nanomaterials (NMs) in analytical microfluidic methods is a recent 
strategy that is showing its usefulness to improve these features. This positive effect 
has been demonstrated in the main steps of the analytical process. Thus, different 
types of NMs have been used, for instance, to improve the separation in microchip 
electrophoretic methods (MCE) [1] or to increase the analytical signal in the detection 
step using optical or electrochemical systems [2,3, 4]. However, the potential of NMs 
to extend the practical application of microfluidic systems in different analytical areas 
has been scarcely discussed. 
Figure 1 shows the evolution of the number of articles involving microfluidic 
methods published in the main analytical journals in the last twelve years, and those 
that describe their application to the analysis of real samples. As can be seen, there is 
an exponential growth of publications up to the year 2009, from which the number of 
publications is maintained at a fairly constant level. This figure also shows the 
evolution of the number of these articles that include the use of NMs. Although this 
number is not high, a gradual increase can be observed, reaching approximately the 
16% in the last year. It is also worth noting that around the 50% of analytical 
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microfluidic methods developed in the absence or in the presence of NMs include their 
application to the analysis of real samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Evolution of the number of articles devoted to analytical microfluidic methods, published in 
the main analytical journals in the last twelve years. The number of these articles that include the use of 
nanomaterials (NMs) and those describing the application to the analysis of real samples, in the absence 
and in the presence of NMs, are also shown (Source: Scopus 2013, Elsevier B.V.). 
 
In spite of the relatively low incidence of NMs in microfluidic methods, there is 
a clear trend to use their special properties in order to increase, mainly, the selectivity 
and sensitivity of these methods. As Figure 2 shows, the versatility of NMs allows their 
applications in the preconcentration, separation, reaction and detection steps 
developed in microfluidic systems. Examples of their usefulness in these steps will be 
described below. Although most of these applications, about a 60%, have been 
focused to improve the detection step, NMs have also contributed to solve specific 
problems in the other steps of the analytical process. 
This review presents a critical overview and a systematic discussion of the 
outstanding role of NMs in the steps of the analytical process developed in microfluidic 
systems. It is focused to highlight the improvement of the features of these methods in 
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the presence of NMs and, consequently, their capability to facilitate analytical 
applications. 
 
 
 
Figure 2. Scheme of the use of NMs in different steps of the analytical process developed in microfluidic 
devices. PMT: photomultiplier tube, AE: auxiliary electrode, WE: working electrode, RE: reference 
electrode. 
 
Microfluidic methods involve the use of glass or a polymer, usually 
poly(dimethylsiloxane) (PDMS), to fabricate the microchannels of the microfluidic 
device. However, there is a recent alternative based on the use of paper as substrate 
to develop paper-based microfluidic methods. A brief discussion about the advantages 
and limitations of this approach, developed together with NMs, is included at the end 
of this article, describing also some examples of their analytical usefulness. 
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2. Nanomaterials in the preconcentration and separation steps 
The high surface to volume ratio and the relatively easy functionalization are 
the two main properties of NMs used in these steps of the analytical process 
developed in microfluidic systems. A few examples described below illustrate the 
capability of NMs to improve the sensitivity and selectivity using magnetic separations 
and MCE determinations. 
  
2.1. Magnetic separations 
Magnetic nanoparticles (MNPs) have been extensively applied as solid supports 
in NP-based microfluidic assays since they can be separated very readily from the 
sample matrix with the help of an external magnetic field and are easily recovered for 
further analysis by simple removal of the magnetic field. MNPs have been mainly used 
for preconcentration and separation purposes by their functionalization with selective 
reagents, such as enzymes and antibodies. These reagents act as molecular recognition 
systems allowing the improvement of the features of microfluidic methods. 
Special interest has the immobilization of enzymes in MNPs as their stability 
usually improves and allows their reusability. For instance, horseradish peroxidase 
(HRP) and glucose oxidase (GOx) functionalized MNPs have been packed into a 
microfluidic channel using external magnets for the chemiluminescence (CL) 
determination of glucose [5].  A limit of detection (LOD) of 5.2 µmol L-1 was obtained, 
which was about 20-times lower than that obtained in the absence of MNPs. The 
relative standard deviation (RSD%) was 2.8%. Glucose determination in serum has 
been also reported by immobilizing GOx-MNPs in the microchannel and measuring 
electrochemically the hydrogen peroxide generated [6]. The LOD obtained was about 
two times higher, 11 µmol L-1, but the inter-day and intra-day RSD values were 0.8% 
and 1.7%.  Multienzyme functionalized MNPs have been used in a microfluidic method 
for the determination of triglycerides in serum with electrochemical detection [7]. 
Lipase, glycerokinase and glycerol-3-phosphate oxidase were immobilized on 
chitosan/Fe3O4 composite NPs for this purpose. 
The immobilization of immunoreagents in MNPs has been widely used in 
microfluidic methods to achieve the preconcentration of the analytes, their separation 
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from the sample matrix and, in most instances, their on-line immunochemical 
determination. A microfluidic magnetic separator has been described for the 
preconcentration and purification of human immunodeficiency virus type 1 from 
human plasma, reaching an 80-fold enrichment factor [8]. A better preconcentration 
factor, about 35 000, was obtained with a microchip for allergy diagnosis in serum 
samples using antigen-functionalized silica-coated MNPs as an IgE capture 
nanoplatform [9]. The LOD was 1 ng mL-1, which was 30 times lower than that 
obtained with a conventional microtiter plate.  Also, an advantage of this approach is 
that the colloidal properties of the MNPs improve about 1000 times the 
immunochemical kinetics compared to conventional methods. 
An original method to perform an on-chip sandwich immunoassay for murine 
monoclonal antibody detection is based on the retention of MNPs self-assembled in 
chains in a microfluidic channel with periodically varying cross section [10]. This 
microchannel design enhances the fluid perfusion through the magnetic structures, 
resulting in a very strong NP-liquid interaction that favors the capture of the analytes 
by the MNPs. 
The integration of immunomagnetic separation and detection has been mainly 
applied to the development of clinical assays for the determination of macromolecules 
such as proteins [11] and virus [12], using sandwich formats. However, this approach 
has been also applied using the competitive format to the determination of small 
molecules, such as ochratoxin A in apples, obtaining a LOD of 0.05 µg kg-1, which was 
about 40 times lower than that obtained using ELISA [13].  
Another useful strategy is the coupling of on-line immunomagnetic separation 
with MCE to carry out multiplex determinations. Although the analytical interest of 
MCE is described below, an example of this approach is the simultaneous 
determination of hormones in human serum using a competitive immunoassay format 
[14]. MNPs were functionalized with all the antibodies and, after the competition of 
the analytes and the tracers to form the immunocomplexes, the unconjugated tracers 
were separated by MCE. The LODs obtained for hydrocortisone, corticosterone, 
testosterone and estriol were in the range of 3.9-4.9 nmol L-1, and RSD values were 
lower than 4.7%. MNPs have been also used in microfluidic separations using 
magnetophoresis, which involves the use of a magnetic field gradient to cause 
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separation. This approach has been applied to the separation of proteins [15, 16] and 
tumor cells [17]. 
 
2.2. Microchip electrophoresis  
As shown in Figure 2, NMs have been used in MCE as microchannel coatings, as 
buffer additives and as stationary phases in microchip electrochromatography. Some 
examples described below illustrate these applications. 
The usefulness of poly(dimethylsiloxane) (PDMS) to fabricate the channels of 
microfluidic devices for electrophoretic separations has been widely discussed [18-20]. 
Although this polymer presents excellent elastomeric and optical properties, the 
nonspecific adsorption of hydrophobic species and the difficulty to control the 
electroosmotic flow (EOF) have given rise to the development of coating methods to 
modify the channel surface and minimize these limitations. For instance, the 
electrophoretic separation of amino acids using native PDMS microchips is difficult 
owing to the adsorption of the analytes, resulting in zone broadening, peak tailing and 
lack of reproducibility. However, the efficiency of the separation and the 
reproducibility have been improved by modifying the surface of the microchannels 
with gold NPs (AuNPs) [21] or titanium dioxide NPs [22, 23]. 
The interaction of bovine serum albumin (BSA) with AuNPs has been used to 
fabricate a BSA-coated PDMS-AuNPs composite microchip that suppresses the 
adsorption of proteins in the microchannel surface [24]. The efficiency of the system 
was studied using fluorescein isothiocyanate (FITC)-myoglobin as the model. A strong 
fluorescence in the native PDMS microchannel was obtained, whereas no fluorescence 
was observed in the modified one. However, a limitation of this modification was the 
decrease on the transparency of this modified microchannel, which affected to the 
fluorescent signal. 
Another application of NPs in MCE has been their use as components of the 
separation media, as pseudostationary phase, with the aim of modifying the EOF and 
the electrophoretic mobility of the analytes, reducing also their adsorption on the 
microchannel. DNA fragments were separated by hybridation with AuNPs as tags using 
the differences in electrophoretic mobilities between free probes and probe-target 
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complexes [25]. Porous liquid crystalline lipid-based NPs have been used as a 
pseudostationary hydrophobic phase in microfluidic electrophoresis with fluorimetric 
detection for bacterial separation and determination in yogurt samples [26]. The 
results obtained showed that the NPs minimize the bacterial aggregation and 
adsorption to the inner walls of the microchannels. A similar positive effect of these 
NPs has been described for the determination of green fluorescent protein [27]. The 
electropherograms obtained without NPs displayed typical signs of extensive 
adsorption to the channel walls, with low, broad tailing peaks, while these limitations 
were avoided in the presence of the NPs. 
AuNPs have been used as additives into the running buffer to improve the 
separation of lipoproteins by MCE [28]. The different intensities of the hydrophobic 
interactions between the NPs and the lipoproteins modified the mobility of the 
lipoproteins-AuNPs. The AuNPs size had a critical effect on the resolution, obtaining 
better results with a gradual decrease in their size, but the separation was not possible 
in the absence of the NPs. The method was satisfactorily applied to the analysis of 
human serum samples. Nonionic nanogels based on random N,N-diethylacrylamide 
(DEA) / N,N-dimethylacrylamide copolymers have been used in a novel DNA sieving 
matrix for MCE [29]. A high-efficiency separation was achieved in less than 120 
seconds for double stranded DNA  ranging from 75 to 15 000 base pairs.  
The usefulness of AuNPs to improve different steps in micellar electrokinetic 
microfluidic separations has been described in a method with electrochemical 
detection for the determination of phenolic endocrine disruptors (4-pentylphenol, 4-
octylphenol, 4-nonylphenol and bisphenol A) in water samples [30]. Preconcentration 
and separation were improved by adding AuNPs to the buffers, in the presence of 
sodium dodecyl sulfate, which protected the NPs against aggregation. The sensitivity of 
the method was also increased using cellulose-dsDNA/AuNPs-modified carbon paste 
electrode, obtaining analytical signals about 10-times higher than those obtained using 
the bare electrode. The LODs were between 11.1 and 7.1 fmol L-1 and the RSDs ranged 
from 1.2% to 3.2%. 
The use of NMs in microchip electrochromatography was reviewed several 
years ago [1], but new interesting methods based on this approach have been 
described. A microfluidic device integrated with molecularly imprinted MNPs as 
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magnetic tunable stationary phase was designed for the separation of oflatoxin 
enantiomers using amperometric detection [31]. Although the LODs obtained were 
higher than those obtained by conventional chromatography, the separation was 
faster and required low consumption of reagents and samples. Carbon nanotubes 
(CNTs) have been employed as stationary phase to develop reverse-phase 
electrochromatography in a chip, which was applied to the separation of proteins [32, 
33]. 
 
3. Nanomaterials in the reaction stage 
The catalytic properties of some NMs or their capability to act as electron 
transfer mediators are two properties that have been used to facilitate or improve the 
analytical reaction developed in some microfluidic methods (Figure 2). Although these 
properties have been scarcely exploited for this purpose, there are some interesting 
examples that are discussed below. 
 
3.1. Nanomaterials as catalysts 
The use of metal NPs as catalysts on CL reactions has been widely described in 
conventional analytical methods [34], which have been translated to the development 
of microfluidic methods. For instance, a microfluidic method has been reported for 
vitamin B12 determination in pharmaceutical preparations using the luminol-silver 
nitrate-AuNPs CL system [35]. The study of the mechanism of this system showed that, 
in addition to the catalytic effect of AuNPs, the Co(II) liberated from the vitamin also 
catalyzes the CL reaction, contributing to increase the CL signal. The LOD was 0.04 ng 
mL-1, with a RSD of 1.56%. 
The catalytic effect of AuNPs on the luminol-hydrogen peroxide CL system has 
been used in an aptamer-based sandwich microfluidic method for the determination 
of cancer cells in whole blood samples [36]. The method involves three steps: 1) the 
immobilization of aptamers on the microchannels, which capture and isolate the 
particular cells, 2) the subsequent introduction on the system of AuNPs modified with 
aptamers, which are attached on the cell surface and, 3) the introduction of luminol 
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and hydrogen peroxide, obtaining a CL signal proportional to the target cell 
concentration. 
The catalytic activity and the capability to increase surface-enhanced Raman 
scattering (SERS) signals are two properties of silver NPs (AgNPs) that have been 
simultaneously used to study the reduction of 4-nitrophenol to 4-aminophenol by 
sodium borohydride in a microfluidic system [37]. Although the potential analytical 
applicability of this study has not been discussed, the system can be seen as a useful 
alternative to investigate catalysis mechanisms of different reactions. 
 
3.2. Nanomaterials as electron transfer mediators 
A feature of some NMs is their capability to participate in redox reactions, 
contributing to the electron transfer process and to the improvement of the analytical 
signal. Although this property has been scarcely exploited in microfluidic methods, two 
interesting examples are described below. 
An on-chip microarray platform with CdS nanorod spots has been reported for 
multiplexed competitive immunoassays of tumor markers [carcinoembriogenic antigen 
(CEA), alpha-fetoprotein (AFP) and prostate specific antigen (PSA)] and cell surface 
antigens [38]. The nanorods operated as electron donors of an 
electrochemiluminescence resonance energy transfer (ECL-RET) system and as 
supports of the corresponding antigens. Tris(2,2’-bipyridine)ruthenium (RuBPY) labeled 
antibodies were selectively captured by the corresponding antigens on the CdS 
nanorod spot array, and ECL-RET was performed in the presence of K2S2O8. 
Another ECL microfluidic sandwich immunoasay for the simultaneous 
determination of the cancer biomarkers PSA and interleukin-6 (IL-6) involves de use of 
CNTs and RuBPY-silica NPs, which were coated with the corresponding capture and 
detection antibodies, respectively [39]. The high area surface of CNTs enabled 
attachment of a high concentration of capture antibodies, enhancing the signal 
compared to flat surfaces. In addition, RuBPY-silica NPs provided signal amplification, 
reaching LODs in the femtogram per milliliter range, significantly better than those for 
ELISA and for commercial bead-based protein assay systems. 
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4. Nanomaterials in the detection step 
The main purpose of the use of NMs in this step is the improvement of the 
sensitivity of the microfluidic methods with the resultant decrease of the LODs. As 
Figure 2 shows, two approaches have been used to achieve this goal: 1) NMs directly 
originate an optical or electrochemical signal, which is proportional to the analyte 
concentration, and 2) NMs improve the analytical signal due to their high surface-to-
volume ratio and/or to their capability to favor the transmission of this signal. 
 
4.1. Direct measurement of a nanomaterial property 
A high number of microfluidic methods involving the use of NMs exploit some 
of their optical or electrochemical properties to obtain a response proportional to the 
analyte concentration. Most of these methods are based on the use of NMs as labels, 
mainly in immunoassays and hybridization assays. The analytical signal is obtained 
from an intrinsic property of the NM or from a NM functionalized with a reagent that 
shows a measurable property. 
   
4.1.1. Measurement of nanomaterial optical properties 
Table 1 summarizes some features of the optical microfluidic methods based 
on the direct measurement of a property of the NM, using mainly metal NPs for this 
purpose. As can be seen, the LODs are relatively low, but only about a 40% of these 
methods include analytical applications. 
The bright color of AuNPs, which is due to the presence of a plasmon-
absorption band that is not present in the spectrum of the bulk metal, has been 
photometrically measured to quantify Cd(II), Cr(III) and Pb(II) in a competitive 
immunoassay developed in a multichannel microfluidic system [40]. The method 
involves two approaches: 1) the use of AuNPs functionalized with the corresponding 
antibodies for different chelates of these metal ions, which are used as the tracers, and 
2) the immobilization of the same chelates in the detection area of each microchannel. 
The mixture of analytes and tracers was introduced into the microchannels and the 
free tracers were captured in the detection area of each microchannel. A limitation of 
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this method is the relatively high variation coefficient obtained, close to 20%, which is 
ascribed to problems in the alignment between each detection area and the detector. 
 
Table 1. Microfluidic methods using direct measurement of optical properties of 
nanomaterials  
Nanomaterial Detection system Analyte LOD
1
 Sample Reference 
Au 
Photometry Cd (II) 
Cr (III) 
Pb (II) 
0.92 μg L
-1
 
0.04 μg L
-1
 
0.06 μg L
-1
 
- [40] 
Au SPR
2
 Anti-biotin Ab 5.7 µg L
-1
 - [43] 
Au SPR Anti-biotin Ab 270 µg L
-1
 - [44] 
SiO2 SPR-PI
3
 ssDNA  25 fmol L
-1
 - [45] 
Au SERS
4
 AFP
5
 1 µg L
-1
 - [46] 
Au SERS BSA
6
   pmol L
-1
  - [47] 
Ag SERS Scytonemin 10 pmol L
-1
 Mineral gypsum [48] 
Ag SERS Melamine 
Thiram 
63 µg L
-1 
50 ng L
-1
 
- [51] 
Ag SERS Malathion 12 µg L
-1
 Water [52] 
Ag SERS Methyl parathion 
Malachite green  
Thiram 
5 mg L
-1
 
0.1 µg L
-1
 
5 µg L
-1
 
- [53] 
Au SERS Hg (II) 100 ng L
-1
 Water  [54] 
Ag SERS Paraquat 2 nmol L
-1
 - [55] 
QDs
7 
Fluorimetry 7-aminoclonazepam 0.021 µg L
-1
 Urine [56] 
QDs Fluorimetry CEA
8
 
C-erbB-2
9
 
0.02 µg L
-1 
0.27 µg L
-1
 
Serum and saliva [57] 
QDs Fluorimetry CEA 
AFP 
3.5 µg L
-1 
3.9
 
µg L
-1
 
Serum [58] 
QDs Fluorimetry DNA 1 fmol L
-1
 Cervical scrapes [60] 
Ag-fluorophore Fluorimetry DNA 500 pmol L
-1
 - [61] 
Au-fluorophore Fluorimetry Hg (II) 
Ziram 
0.6 mg L
-1 
16 mg L
-1 
Ground water [62] 
1
LOD: Limit of detection
 
2
SPR: Surface Plasmon Resonance 
3
SPR-PI: Surface Plasmon Resonance-Phase Imaging 
4
SERS: Surface Enhanced Raman Spectroscopy 
5
AFP: Alpha-fetoprotein 
6
BSA: Bovine serum albumin 
7
QDs: Quantum dots 
8
CEA: Carcinoembryonic antigen 
9
C-erbB-2: Cancer antigen HER-2/Neu  
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A portable and power-free microfluidic method for the visual detection of Pb(II) 
has been described using the aggregation of 11-mercaptoundecanoic acid (MUA)-
functionalized AuNPs in the presence of Pb(II), due to the formation of Pb(II)-MUA 
chelates [41]. The aggregates are deposited onto the surface of PDMS microchannels 
and visualized by the change in the color from red to purple, which can be observed 
under a microscope. A camera cell phone has been described as detection system in an 
immunoassay for human IgG detection in a microfluidic chip using AuNPs-enhanced 
silver staining to amplify the signal [42]. This signal amplification involves the reduction 
of silver ions to silver metal by hydroquinone at the surfaces of AuNPs.  
Surface plasmon resonance (SPR) properties of AuNPs have been used as 
sensitive detection system in microfluidic devices to obtain real-time data of the 
analytical reaction. These features are especially useful in immunoassay because 
analytical results can be obtained before immunoreaction has reached equilibrium, 
shorting the duration of the assay [43, 44]. The LODs (Table 1) do not attain the value 
obtained by ELISA, but the assay is faster with much less sample consumption. SPR 
phase imaging (SPR-PI) is an alternative approach that measures the phase shift of 
polarized reflected light from light incident at a fixed angle onto a gold thin film 
surface. This technique has been used in a combined aptamer-microarray and 
microfluidic system for very sensitive multiplexed hybridization DNA assays [45]. Silica 
NPs, that only have a real refractive index, have been chosen in these assays over 
AuNPs to enhance the SPR-PI signal. This alternative avoids the coupling of the local 
plasmonic fields of AuNPs with the gold thin film surface. A detection limit of 25 fmol L-
1 was obtained, which was 20 times lower that that observed using SPR imaging. 
AuNPs [46, 47] and AgNPs [48-50] are the most suitable enhancing metals used 
in SERS, due to their favorable plasmonic response. For instance, a SERS-based 
sandwich immunoassay in a gold array-embedded gradient microfluidic chip has been 
reported for AFP determination [46]. Hollow gold nanospheres as SERS agents, labeled 
to the detection antibodies, were used in this method. Also, an interesting and 
sensitive method for the determination of scytonemin, a natural pigment from 
cyanobacteria, in gypsum samples, has been described using SERS and the in situ 
synthesis of AgNPs in a microfluidic system [48]. The detection limit was 10 pmol L-1 
(Table 1), obtaining a 100-fold increase of sensitivity when compared to detection 
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under normal quiescent conditions. This method includes the analysis of real samples, 
which has been scarcely described in microfluidic methods with SERS detection. 
SERS has been also used in a microfluidic cell array to mechanically trap and 
develop real-time mapping of living cells containing SERS-active AgNPs. This technique 
can discriminate between cell populations using different SERS labels, such as 4-
mercaptobenzoic acid and 2-mercaptopyridine, and distinguish between differently 
labeled cell types [49]. The detection performance of SERS in microfluidic assays has 
been improved using packed silica microspheres in the detection zone to concentrate 
AgNPs and adsorbed analytes [51-53]. This approach has been shown to boost the 
SERS signal by up to four orders of magnitude as compared to SERS in an open 
microfluidic channel [53]. 
Several methods combine droplet-based microfluidics with SERS detection, 
avoiding memory effects caused by the precipitation of NPs on channel walls, because 
of the isolation of aqueous droplets in a continuous oil phase [54, 55]. A method has 
been described for the determination of Hg(II) in water using the strong affinity 
between this ion and AuNPs. These NPs were functionalized with the reporter 
molecule rhodamine B, obtaining a change in the SERS signal that depends on the 
Hg(II) ion concentration [54]. A similar approach has been used for the determination 
of the herbicide paraquat in water, using in this instance AgNPs and sodium chloride as 
the aggregation agent [55]. The LOD (2 nmol L-1) was one to two orders lower than 
those obtained using conventional analytical methods for paraquat determination. 
Fluorimetry is another detection technique that has shown its usefulness in 
microfluidic methods using fluorescent NPs, such as quantum dots (QDs), or non-
fluorescent NPs functionalized with fluorescent dyes. The long photo-stability, strong 
intensity and narrow emission spectra of QDs have made them useful for several 
applications using microfluidic immunoassay systems. Some of these applications 
involve the determination of a single analyte, such as the major urinary metabolite (7-
aminoclonazepam) of clonazepam in urine [56]. However, more interesting is the use 
of QDs to develop multiplexed methods, such as the determination of cancer 
biomarkers in saliva and serum [57, 58]. For instance, the LOD for CEA was 0.02 µg L-1 
(Table 1), while it was 1.2 µg L-1 using ELISA [57].  Also, a multiplexing method for 
detecting E. coli and S. typhimurium has been described using immunomagnetic 
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separation of the bacteria, which allowed their preconcentration in two different 
microchannels [59]. The determination was carried out using two different QDs 
conjugated to the corresponding detection antibodies. 
A relatively complex microfluidic method involving sandwich hybridization and 
fluorimetric detection has been described for papilloma virus genotyping [60]. The 
method requires the use of three components: 1) streptavidin-microbeads as sensing 
platform, which were functionalized with biotin-capture probe and biotin-electron rich 
proteins, 2) HRP labeled oligonucleotide-AuNPs, and 3) streptavidin-labeled QDs. The 
method could discriminate 1 fmol L-1 of target DNA (Table 1), while test-tube detection 
could only generate a distinct fluorescence signal at a concentration about 1 pmol L-1. 
The capability of the method in testing real samples was shown using cervical scrape 
samples. 
Several microfluidic methods are based on the use of NPs functionalized with 
fluorescent molecules. Thus, a fluorimetric microchip biosensor has been described for 
multiplex DNA detection using AgNP-bound DNA hairpin probes labeled with a 
fluorophore (3’-tetramethyl rhodamine), which were immobilized in a microchannel 
[61]. In the absence of target DNA, the close proximity of AgNPs to the fluorophore 
results in fluorescence quenching. When a complementary target DNA is present, 
hybridization to the immobilized probe DNA unfolds the hairpin, in turn moving the 
fluorophore away and giving rise to a fluorescence increase. 
The high affinity of mercury for gold is the basis of a microfluidic sensor for 
Hg(II) determination using fluorimetry and two detection schemes, named turn-off and 
turn-on sensing, which involve the use of fluorescent BSA-gold nanoclusters (AuNC) 
and non-fluorescent rhodamine 6G (R6G)-AuNPs, respectively [62]. The presence of 
Hg(II) causes the fluorescence quenching of BSA-AuNC in the turn-off method, while 
the fluorescence increases in the turn-on method. Although both approaches reached 
low LODs, the value obtained in the first method was about 7-times lower. The R6G-
AuNPs were also used for the determination of the dithiocarbamate pesticide ziram 
using the high affinity of sulfur-containing ziram to gold. 
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4.1.2. Measurement of NM electrochemical properties 
Several individual and multiplexed microfluidic immunoassay methods, based 
on the sandwich format with electrochemical detection, involve the use of NMs as 
labels of the detection antibodies. The electrochemical signal is directly produced by 
these NMs or by electroactive species bound onto their surface. Most of these 
methods also use a second type of NM functionalized with the capture antibodies. 
Table 2 shows some features of these methods, in which can be seen that they have 
been mainly applied in clinical analysis. 
A regeneration-free electrochemical immunosensor integrated in a microfluidic 
system has been described for the determination of heart failure markers in whole 
blood [63]. Aminoterminal pro-brain natriuretic peptides (NT-proBNP) were used as 
analyte model. The sandwich assay was developed immobilizing MNPs functionalized 
with Fab monoclonal antibodies on the working electrode surface with an external 
magnet, while platinum and Prussian blue nanomaterial was used to label the 
detection antibodies. Platinum NMs catalyzed hydrogen peroxide oxidation and 
Prussian blue acted as the electrochemical mediator. 
Two types of NMs, silica NPs and MNPs, have been used in an electrochemical 
microfluidic sandwich assay for the determination of the tumor marker carbohydrate 
antigen 125 (CA125) in serum [64]. Multifunctional silica NPs were synthesized using 
thionine, as electron mediator, and HRP. Also, HRP-labeled antibodies were bound 
onto the surface of these NPs, which were used as recognition elements. The use of 
antibodies functionalized MNPs as immunosensing probes allowed the capture and 
separation of the sandwich immunocomplex in the detection cell with an external 
magnet.  The main novelty of this method is the use of silica NPs containing entrapped 
HRP and thionine for signal enhancement, which avoids the addition of electroactive 
materials for the detection. The comparison of the LOD obtained (Table 2), 100 U L-1, 
with those reported for other immunoassays described for CA125 determination 
showed that the value obtained was 50-times lower than that obtained using a 
commercial ELISA kit.   
Another electrochemical sandwich immunoassay developed in a magneto-
controlled microfluidic device has been reported for the determination of squamous 
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cell carcinoma antigen in serum [65]. The method also involves the use of two NMs: 1) 
antibody functionalized magnetic mesoporous AuNP/thionine/NiCo2O4 hybrid 
nanostructures as immunosensing probes, and 2) HRP-antibody conjugated-labeled 
AuNP/graphene nanosheets as multifunctional signal tags. A similar method has been 
described for CEA determination in serum but using in this case multi-armed dendritic 
polyaniline nanofibers functionalized with HRP and anti-CEA antibody as molecular 
tags [66]. 
A multiplex electro-immunosensing system for the determination of three 
cancer biomarkers (AFP, CEA and PSA) has been described using AuNPs, silver 
enhancement and resistance measurements [67]. AuNPs act as catalysts of the 
reduction of silver ions to metallic silver with a reducing agent. Metallic silver is 
deposited onto the AuNPs enlarging their diameter, which allows their connection, 
forming an electrical bridge, between the microelectrodes that decreases the 
resistance. Gold enhancement for signal amplification has been proposed as an 
alternative to silver enhancement to avoid silver autonucleation. The usefulness of this 
approach as detection system integrated in a microfluidic system has been described 
to determine IgG using sandwich immunoassay [68, 69].  
Anodic stripping voltammetry (ASV) has been used in a multiplex microfluidic 
sandwich immunoassay for the simultaneous determination of cardiac troponin I and 
C-reactive protein in serum [70]. PDMS-AuNP composite microreactors were used to 
immobilize the capture antibodies and CdTe and ZnSe QDs were conjugated with the 
corresponding detection antibodies. After the formation of the sandwich 
immunocomplexes, QDs were dissolved and Cd(II) and Zn(II) ions were quantified by 
ASV.  
 
4.2. Nanomaterials to improve the analytical signal 
The NMs used to improve the analytical signal have been mainly CNTs and 
AuNPs. This choice is due to two reasons: 1) their excellent electrochemical properties, 
which allow their use as efficient transducers, and 2) their high surface-area-to-volume 
ratio, acting additionally as nanoscaffolds. Table 3 shows some features of the 
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methods included in this section, in which can be seen that most of them have been 
applied to the analysis of real samples. 
Single- (SWCNTs) and multi-walled-CNTs (MWCNTs) have been described for 
the development of miniaturized electrochemical electrodes in microfluidic methods. 
The methods reported for the determination of dopamine in artificial cerebral fluid 
[71], salbutamol [72] and iodine [73] in pharmaceutical products, and chlorine in 
swimming pool water [74] showed that the sensitivity was better than that obtained 
using the bare electrode. Thus, the associated background signals were up to two to 
three orders of magnitude smaller than a corresponding glassy carbon, gold, or 
platinum electrode of the same geometric area [71]. Another interesting feature of 
CNT electrodes is their high resistance to fouling by the products of the 
electrochemical reaction [71] or by the analyte [72], which improves the 
reproducibility of the corresponding methods. 
SWCNT press-transfer electrodes for microfluidic sensing have been proposed 
for the determination of a mixture of dopamine and catechol as model analytes [75]. 
The CNTs were press-transferred on poly (methyl methacrylate) substrates and 
coupled to microfluidic chips, acting as the exclusive transducer in electrochemical 
sensing. A study of the influence of the purity of SWCNTs on the electrochemical 
sensing of dopamine and catechol showed that the elimination of carbonaceous and 
metallic impurities improves the performance of SWCNT-based electrodes [76]. The 
sensitivity increased three times and the resolution was two times higher in 
comparison with the results obtained using non-SWCNTs-based electrodes.  
The electrocatalytic activities of SWCNTs, MWCNTs and carbon powder cast on 
glassy carbon, gold and platinum electrodes have been compared to assess their 
performance as electrochemical detectors in microfluidics [77]. The results obtained by 
assaying dopamine and catechol showed that CNT film electrodes improve separation 
resolution by a factor of two compared to a bare electrode. However, the surface 
modification of glassy carbon and gold electrodes by any CNT of carbon microparticle 
film resulted in increased noise level which was not compensated by signal increase. In 
fact, although CNTs offer suitable features as electrochemical sensors in microfluidics, 
several challenges are to be overcome for their widespread use [78].  
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Table 2. Microfluidic methods using direct measurement of electrochemical properties of nanomaterials  
Nanomaterial Detection system Analyte LOD
(*)
 Sample Reference 
Magnetic and Pt and Prussian blue Amperometry NT-proBNP
1
 0.003 µg L
-1
 Serum [63] 
Magnetic and SiO2 Amperometry CA125
2
 100 U L
-1
 Serum [64] 
Au Amperometry Squamous cell carcinoma antigen 1 ng L
-1
 Serum [65] 
MPANFs
3
 Amperometry CEA
(*)
 0.1 ng L
-1
  Serum [66] 
Au Electrical resistance CEA 
AFP
(*)
 
PSA
4
 
1 µg L
-1
 
1 µg L
-1
 
1 µg L
-1
 
- [67] 
Au Electrical resistance hIgG
5
 20 µg L
-1
 - [68] 
Au Electrical resistance IgG 50 µg L
-1
 - [69] 
Au and QDs
(*)
 Stripping 
voltammetry 
cTnI
6
 
C-reactive protein 
0.004 μg L
-1 
0.22 μg L
-1 
Serum [70] 
1
NT-proBNP: Aminotermal pro-brain natriuretic peptide 
2
CA125: Cancer antigen 125 
3
MPANFs: Multi-armed dendritic polyaniline nanofibers 
4
PSA: Prostate-specific antigen 
5
hIgG: Human Immunoglobulin G 
6
cTnI: Cardiac troponin I 
(*) 
Other abbreviations (see Table 1) 
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Table 3. Microfluidic methods using nanomaterials to improve the analytical signal 
Nanomaterial Detection system Analyte LOD
(*)
 Sample Reference 
CNTs
1
 Amperometry Dopamine 20 pmol L
-1
 Artificial cerebral fluid [71] 
CNTs Amperometry Salbutamol 1 μmol L
-1
 Pharmaceutical products [72] 
CNTs Amperometry Iodide 0.5 μmol L
-1
 Pharmaceutical products [73] 
CNTs Amperometry Chlorine 0.05 mg L
-1
 Swimming pool water [74] 
CNTs Amperometry Vasopressin 43 pmol L
-1
 Serum [75] 
CNTs Conductivity Dopamine 
Cathecol 
5 µmol L
-1
 
10 µmol L
-1
 
- 
- 
[79] 
CNTs Amperometry Hydrazine  
Isoniazid 
0.91 μmol L
-1 
1.3  μmol L
-1 
River water and 
pharmaceutical products 
[80] 
Au Amperometry IgG anti-T.cruzi 3.065 µg L
-1
 Serum [83] 
Au Amperometry IgG anti-E.granulosis 0.091 µg L
-1
 Serum [84] 
Au Amperometry PSA
(*)
 
IL-6
2
 
0.23 ng L
-1 
0.30 ng L
-1
 
Serum [85] 
Au Amperometry IL-6, IL-8, VEGF
3
 and VEGF-C 10 pg L
-1
 - [86] 
Au Amperometry Sulfonamide drugs 0.91-2.21 fmol L
-1
 Meat [87] 
Au Chronocoulometry ATP
4 
Cocaine 
0.3 nmol L
-1  
0.07 μmol L
-1
 
Serum and plasma [88] 
Magnetic and SiO2 Amperometry AFB1
5
 6 ng L
-1
 Red paprika specimens [89] 
SiO2 Fluorimetry H1N1 virus 0.5 µg L
-1 
- [91] 
1
CNTs: Carbon nanotubes 
2
IL-6: Interleukin-6  
3
VEGF: Vascular endothelial growth factor 
4
ATP: Adenosine triphosphate 
5
AFB1: Aflatoxin B1 
(*)
Other abbreviations (see Table 2)
 
 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
169 
 
The modification of CNTs to act as carriers for electrochemical bioreceptors has 
increased the versatility of these NMs. Aptamers-modified CNTs deposited on gold 
electrodes have been shown as an efficient platform to capture the analyte, resulting 
in changes in conductivity across the sensor. This approach has been applied to the 
detection of the hormone vasopressin in sheep serum samples [79].  
Cobalt hexacyanoferrate (CoHCF) NPs have been used to modify a 
MWCNTs/graphite composite electrode for the determination of hydrazine and 
isoniazide in river water and pharmaceutical samples [80]. The chemically modified 
electrode evidenced a synergic effect combining the properties of CNTs with the 
behavior of CoHCF NPs as electrocatalytic reaction mediators. The sensitivity 
amplification was close on two orders of magnitude, compared with the bare paste 
electrode. 
In addition to CNTs, other carbon NMs that have received significant attention 
as electrochemical detectors in microfluidics are chemically modified graphene 
materials, which include graphite-oxide, graphene-oxide, chemically reduced 
graphene, thermally reduced graphene and electrochemically reduced graphene. A 
comparative study of the behavior of these materials in the determination of 
dopamine and catechol showed that electrochemically reduced graphene gave the 
highest resolution, with almost a two times increment as compared to the bare glassy 
electrode [81]. Another comparative study has demonstrated that graphene oxide as 
electrochemical detector in microfluidics is of no advantage in terms of sensitivity or 
selectivity over that of graphite microparticles both in oxidation or reduction mode 
[82]. 
In a similar way to CNTs, the electrochemical properties of AuNPs, such as 
excellent conductivity and catalytic activity, together with their capability to increase 
the surface area of electrodes, are the main reasons of the use of these NPs to 
enhance sensitivity in microfluidic methods.  Both features have been used in a 
microfluidic device based on a screen-printed carbon electrode with electrodeposited 
AuNPs for the determination of Trypanosoma cruzi antibodies in human serum 
samples [83]. The antigen was immobilized on the surface of the modified electrode 
and, after the reaction with the antibodies, their quantification was carried out using 
HRP-labeled detection antibodies specific to human IgG. A similar electrochemical 
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microfluidic immunosensor was developed for the determination of IgG antibodies 
specific to Echinococcus granulosis in human serum samples, using AuNPs-
functionalized E. Granulosis antigen deposited on self-assembled monolayers in a gold 
electrode [84]. 
Multiarray electrodes modified with glutathione-AuNPs and immobilized 
capture antibodies have been used to develop multiplex sandwich immunoassays in a 
microfluidic device for the detection of protein cancer biomarkers in serum [85,86]. 
Antigens were firstly captured off-line using MNPs conjugated with antibodies and HRP 
labels and then injected in the microfluidic device. The flow was stopped to allow the 
formation of the sandwich immunocomplexes and, finally, hydroquinone and 
hydrogen peroxide were injected to obtain amperometric responses. The LODs 
obtained were from 100 to 1000-fold lower than those obtained using commercial 
assays. 
The amperometric detection of five sulfonamide drugs in meat, previously 
separated by MCE, has been described using an aluminum oxide–AuNPs modified 
carbon paste electrode placed at the end of the separation microchannel [87]. 
Aluminium oxide adsorbs sulfonamides but, as it is nonconductive, AuNPs are used to 
enhance the performance of the modified electrode, which has a lifetime of two 
months. As Table 3 shows, the LODs obtained were in the range 0.91-2.21 fmol L-1, 
which were 106 times lower to the values described using liquid chromatography with 
fluorescence detection.   
AuNPs have been also used to improve the sensitivity of microfluidic 
electrochemical aptamer based sensors developed for multiplex detection of small 
molecules using chronocoulometric measurements [88]. The system was applied to the 
simultaneous determination of adenosine triphosphate (ATP) and cocaine, obtaining 
very low LODs (Table 3). However, a limitation of this approach was the loss of 
sensitivity when the sensing surfaces were regenerated for more than three times. 
Also, the response obtained in serum or plasma was not as sensitive as in buffer 
solution. 
Two types of NMs have been used in a microfluidic immunoassay for the 
determination of aflatoxin B1 (AFB) in red paprika specimens [89]. Multifunctional 
magnetic beads with CoFe2O4 NPs as the core and Prussian blue NP-doped silica as the 
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shell were synthesized for the immobilization of AFB-bovine serum albumin 
conjugated. These beads were attached on the surface of an indium tin oxide 
electrode and AuNPs modified with HRP-labeled antibodies were used for the 
amplification of the analytical signal using a competitive format. The LOD obtained for 
AFB was 6 ng L-1 (Table 3), about 80 times lower than that obtained in the absence of 
AuNPs. 
The combined use of SWCNTs and AuNPs has been described in a microfluidic 
device for the determination of glucose and As(III) [90].  AuNPs, directly synthesized by 
electrochemical deposition in the CNT working electrode, act as electrocatalytic 
materials for non-enzymatic glucose detection and as suitable sensing surfaces for 
As(III) detection. However, a limitation of the glucose determination is the interference 
of uric acid which decreases the anodic current due to its fast adsorption on the 
SWCNT electrode. 
Although the electrochemical properties of NMs have been mainly used to 
improve the sensitivity of microfluidic methods, other strategies have been also 
described for this purpose. Thus, a recent microchip-based sandwich immunoassay to 
detect H1N1 influenza virus antigen involves the use of fluorescent detection using 
functionalized SiO2 NPs covalently assembled on the surface of microchannels [91]. In 
this instance, the NPs only act as nanoscaffolds to increase the amount of capture 
antibodies immobilized. The sequential injection into the microchip of antigen, 
biotinylated detection antibodies and FITC-labeled avidin gave rise to a fluorescent 
signal about 75-times higher than that obtained with a bare microchip. 
 
5. Nanomaterials in paper-based microfluidics 
Microfluidic paper-based analytical devices (µPADs) provide a novel system for 
fluid analysis, offering a potential variety of applications. These systems consist on the 
patterning of hydrophilic-hydrophobic contrast on a sheet of paper in order to create 
capillary channels. The reasons why paper becomes attractive for microfluidic assays 
include its low cost, compatibility with many chemical/biochemical applications and its 
capability to transport liquids using capillary forces without the assistance of external 
forces. On the other hand, the limitations are related to the material properties of 
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paper. Thus, the volume that reaches the detection zones verses the total volume 
within the device is usually less than 50% and, also, the relatively low sensitivity and 
accuracy are usually other disadvantages inherent to µPADs [92].  
NMs have been used in µPADs for the development of new miniaturized 
analytical methods, involving most of them CL or ECL as detection systems. TiO2 NPs 
coated MWCNTs were used as amplification catalyst tags to label detection antibodies 
in a CL sandwich immunoassay to determine PSA [93]. MWCNTs provided a high active 
surface to immobilize a large amount of TiO2 NPs, allowing an increase of 2.8 times in 
the CL signal from the luminol system used. The assay was developed by immobilizing 
the capture antibody into a chitosan membrane modified μPAD. AgNPs have been also 
used as catalysts of the luminol CL reaction for the design of a multiplexed 
immunoassay for four tumor markers (AFP, CA153, CA199 and CEA) determination in 
whole blood samples [94]. The method involves the use of 3D origami-based 
microfluidic devices in which sample treatment, incubation, washing, and CL detection 
are completed in about 16 min. 
The usefulness of ECL detection in microfluidic paper has been described in a 
multiplexed immunoassay for PSA and CEA determination in serum samples employing 
a graphene oxide-chitosan-AuNPs immunosensing platform [95]. Also, a multiplexed 
ECL detection of Pb(II) and Hg(II) in lake water and human serum has been developed 
onto a µPAD with deposited DNA strands [96]. Carbon nanocrystals capped silica NPs 
and RuBYP-AuNPs aggregates as ECL labels were used. Pb(II) and Hg(II) ions induced 
conformational change of DNA strands in hairpin structures, increasing the ECL signal 
in comparison with the free DNA strand. Electrochemical detection has been also 
described using MWCNTs modified μPADs for the simultaneous determination of 
CA125 and CEA in serum samples [97]. 
 
6. Conclusions 
Although the percentage of microfluidic methods involving the use of NMs is 
still low, as discussed above, this review highlights the attractive possibilities that 
nanotechnology can offer in this research area. The advances in the synthesis of NMs 
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and in the availability of methods to functionalize their surface have given rise to a 
wide range of options that can minimize the limitations of microfluidic methods. 
The different examples described throughout this revision demonstrate that 
the use of NMs is a suitable strategy to increase the selectivity and the sensitivity of 
microfluidic methods. Thus, functionalized MNPs allow the preconcentration of the 
analytes and their separation from the sample matrix and modified AuNPs have shown 
their usefulness to improve MCE separations. Also, the wide variety of optical and 
electrochemical properties of metal NMs, such as AuNPs, QDs or CNTs, has been 
extensively used to improve the sensitivity of microfluidic methods. In some instances, 
only the high surface area to volume ratio of NMs has been enough to increase this 
property. The use of functionalized NMs as labels has allowed or facilitated the 
development of very sensitive immunoassays and hybridization assays. Hybrid NMs 
that simultaneously present two or more properties is a suitable option, as it has been 
discussed above.   
The advantages offered by the different NMs are expected to contribute to 
increasing their use in microfluidic methods. In addition to the improvement of their 
analytical features, it is desirable that NMs also contribute to increase the capability of 
these methods to analyze real samples, which is a basic requirement for their 
wholesale implementation.  
 
Acknowledgements 
Authors gratefully acknowledge financial support from the Spanish MICINN 
(Ministerio de Ciencia e Innovación) (Grant No. CTQ2012-32941/BQU), the Junta de 
Andalucía (Grant No.PO9-FQM-4933) and the FEDER-FSE program. 
 
References 
[1] C. Nilsson, S. Birnbaum, S. Nilsson, Use of nanoparticles in capillary and microchip 
electrochromatography, J. Chromatogr. A 1168 (2007) 212-224.  
[2] M. Medina-Sánchez, S. Miserere, A. Merkoçi, Nanomaterials and lab-on-a-chip 
technologies, Lab Chip 12 (2012) 1932-1943. 
Capítulo 4 
174 
 
[3] M. Pumera, A. Escarpa, Nanomaterials as electrochemical detectors in microfluidics 
and CE: Fundamentals, designs, and applications, Electrophoresis 30 (2009) 3315-3323. 
[4] M. Pumera, Nanomaterials meet microfluidics. Chem. Commum. 47 (2011) 5671-
5680. 
[5] Y. Zheng, S. Zhao, Y-M. Liu, A magnetically active microfluidic device for 
chemiluminescence bioassays, Analyst 136 (2011) 2890-2892. 
[6] J. Sheng, L. Zhang, J. Lei, H. Ju, Fabrication of tunable microreactor with enzyme 
modified magnetic nanoparticles for microfluidic electrochemical detection of glucose, 
Anal. Chim. Acta 709 (2012) 41-46. 
[7] S-P. Chen, X-D. Yu, J-J. Xu, H-Y. Chen, Lab-on-a-chip for analysis of triglycerides 
based on a replaceable enzyme carrier using magnetic beads, Analyst 135 (2010) 2979-
2986. 
[8] G.D. Chen, C.J. Alberts, W. Rodriguez, M. Toner, Concentration and purification of 
human immunodeficiency virus type 1 virions by microfluidic separation of 
superparamagnetic nanoparticles, Anal.Chem. 82 (2010) 723-728. 
[9] B. Teste, F. Malloggi, J-M. Siaugue, A. Varenne, F. Kanoufi, S. Descroix, Microchip 
integrating magnetic nanoparticles for allergy diagnosis, Lab Chip 11 (2011) 4207-4213. 
[10] F. Lacharme, C. Vandevyver, M.A.M. Gijs, Full on-chip nanoliter immunoassay by 
geometrical magnetic trapping of nanoparticle chains, Anal.Chem. 80 (2008) 2905- 
2910. 
[11] S-P.Chen, X-D.Yu, J-J.Xu, H-Y. Chen, Gold nanoparticles-coated magnetic 
microspheres as affinity matrix for detection of hemoglobin A1c in blood by 
microfluidic immunoassay, Biosens. Bioelectron. 26 (2011) 4779-4784. 
[12] L-Y.Hung, T-B Huang, Y-C.Tsai, C-S.Yeh, H-Y.Lei, G-B. Lee, A microfluidic 
immunomagnetic bead-based system for the rapid detection of influenza infections: 
from purified virus to clinical specimens, Biomed. Microdevices 15 (2013) 539-551. 
[13] M.A. Fernández-Baldo, F.A. Bertolino, G. Fernández, G.A. Messina, M.I. Sanz, J. 
Raba, Determination of ochratoxin A in apples contaminated with Aspergillus 
ochraceus by using a microfluidic competitive immunosensor with 
magnetic nanoparticles,  Analyst 136 (2011) 2756-2762. 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
175 
 
[14] Y. Huang, S. Zhao, M. Shi, J. Liu, H. Liang, Microchip electrophoresis coupled with 
on-line magnetic separation and chemiluminescence detection for multiplexed 
immunoassay, Electrophoresis 33 (2012) 1198-1204. 
[15] S.H.S. Lee, T.A. Hatton, S.A. Khan, Microfluidic continuous magnetophoretic 
protein separation using nanoparticle aggregates, Microfluid. Nanofluid. 11 (2011) 
429-438. 
[16] Y.K. Hahn, J-B.Chang, Z. Jin, H-S.Kim, J-K.Park, Magnetophoretic position detection 
for multiplexed immunoassay using colored microspheres in a microchannel, Biosens. 
Bioelectron. 24 (2009) 1870-1876. 
[17] T.P. Forbes, S.P. Forry, Microfluidic magnetophoretic separations of 
immunomagnetically labeled rare mammalian cells, Lab Chip 21 (2012) 1471-1479. 
[18] Y-H. Dou, N. Bao, J-J. Xu, H-Y. Chen, A dynamically modified microfluidic 
poly(dimethylsiloxane) chip with electrochemical detection for biological analysis, 
Electrophoresis 23 (2002) 3558-3566. 
[19] J. Zhou, D.A. Khodakov, A.V. Ellis, N.H. Voelcker, Surface modification for PDMS-
based microfluidic devices, Electrophoresis 33 (2012) 89-104. 
[20] D. Belder, M. Ludwig, Surface modification in microchip electrophoresis, 
Electrophoresis 24 (2003) 3595-3606. 
[21] R-P. Liang, X-Y. Meng, C-M. Liu, J-D. Qiu, PDMS microchip coated with 
polydopamine/gold nanoparticles hybrid for efficient electrophoresis separation of 
amino acids, Electrophoresis 32 (2011) 3331-3340. 
[22] J-D. Qiu, L. Wang, R-P. Liang, J-W. Wang, Microchip CE analysis of amino acids on a 
titanium dioxide nanoparticles-coated PDMS microfluidic device with in-channel 
indirect amperometric detection, Electrophoresis 30 (2009) 3472-3479. 
[23] R. Liang, L. Wang, X. Meng, J. Wang, J. Qiu, Enhanced electrophoresis separation 
of non-electroactive amino acids on poly(dimethylsiloxane) microchip coupled with 
direct electrochemical detection on a copper electrode, Microfluid. Nanofluid. 11 
(2011) 227-233. 
[24] D.H. Fan, S.W. Yuan, Y.M. Shen, Surface modification with BSA blocking based on 
in situ synthesized gold nanoparticles in poly(dimethylsiloxane) microchip, Colloids. 
Surf. B Biointerfaces 75 (2010) 608-611. 
Capítulo 4 
176 
 
[25] W. Cao, L. Chen, Y. Fu, Z. Tan, B. Qu, A highly efficient and versatile microchip 
capillary electrophoresis method for DNA separation using gold nanoparticle as a tag, 
J. Sep. Sci. 34 (2011) 939-946. 
[26] Z-F.Wang, S. Cheng, S-L. Ge, J-K. Zhu, H. Wang, Q-M Chen, Q-J.Wang, P-G He, Y-Z 
Fang, Microchip electrophoresis of bacteria using lipid-based liquid crystalline 
nanoparticles, J. Chromatogr. A 1218 (2011) 8281-8288. 
[27] P. Ohlsson, O. Ordeig, C. Nilsson, I. Harwigsson, J.P. Kutter, S. Nilsson, Microchip 
electroseparation of proteins using lipid-based nanoparticles, Electrophoresis 31 
(2010) 3696-3702. 
[28] H. Wang, C. Han, H. Wang, Q. Jin, D. Wang, L. Cao, G. Wang,  Simultaneous 
determination of high-density lipoprotein, very low-density lipoprotein and low-
density lipoprotein subclass in human serum by microchip CE, Chromatographia 74 
(2011) 799-805. 
[29] X. Lu, M. Sun, A.E. Barron, Non-ionic, thermo-responsive DEA/DMA nanogels: 
synthesis, characterization, and use for DNA separations by microchip electrophoresis, 
J. Colloid. Interface Sci. 357 (2011) 345-353. 
[30] H-B. Noh, K-S. Lee, B.S. Lim, S-J. Kim, Y-B. Shim, Total analysis of endocrine 
disruptors in a microchip with gold nanoparticles, Electrophoresis 31 (2010) 3053-
3060. 
[31] P. Qu, J. Lei, L. Zhang, R. Ouyang, H. Ju, Molecularly imprinted magnetic 
nanoparticles as tunable stationary phase located in microfluidic channel for 
enantioseparation, J. Chromatogr. A 1217 (2010) 6115-6121. 
[32] S. Goswami, N. Bajwa, P. Asuri, L. Ci, P.M. Ajayan, S.M. Cramer, Aligned carbon 
nanotube stationary phases for electrochromatographic chip separations, 
Chromatographia 69 (2009) 473-480. 
[33] H. Makamba, J-W. Huang, H.H. Chen, S-H. Chen, Photopatterning of tough single-
walled carbon nanotube composites in microfluidic channels and their application in 
gel-free separations, Electrophoresis 29 (2008) 2458-2465. 
[34] Q. Li, L. Zhang, J. Li, C. Lu, Nanomaterial-amplified chemiluminescence systems 
and their applications in bioassays, Trends Anal. Chem. 30 (2011) 401-413. 
[35] M. Kamruzzaman, A.M. Alam, K.M. Kim, S.H. Lee, Y.H. Kim, A.N.M. H. Kabir, G.M. 
Kim, T.D. Dang, Chemiluminescence microfluidic system of gold nanoparticles 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
177 
 
enhanced luminol-silver nitrate for the determination of vitamin B12, Biomed. 
Microdevices  15 (2013) 195-202. 
[36] W. Liu, H. Wei, Z. Lin, S.  Mao, J.M. Lin, Rare cell chemiluminescence detection 
based on aptamer-specific capture in microfluidic channels, Biosens. Bioelectron. 28 
(2011) 438-442. 
[37] B-B. Xu, R. Zhang, X-Q. Liu, H. Wang, Y-L. Zhang, H-B. Jiang, L. Wang, Z-C. Ma, J-F. 
Ku, F-S. Xiao, H-B. Sun, On-chip fabrication of silver microflower arrays as a catalytic 
microreactor for allowing in situ SERS monitoring, Chem. Commun. 48 (2012) 1680-
1682. 
[38] M-S.Wu, H-W. Shi, L-J. He, J-J. Xu, H-Y. Chen, Microchip device with 64-site 
electrode array for multiplexed immunoassay of cell surface antigens based on 
electrochemiluminescence resonance energy transfer, Anal. Chem. 84 (2012) 4207-
4213. 
[39] N.P. Sardesai, K. Kadimisetty, R. Faria, J.F. Rusling, A microfluidic 
electrochemiluminescent device for detecting cancer biomarker proteins, Anal. 
Bioanal. Chem. 405 (2013) 3831-3838. 
[40] Y. Date, S. Terakado, K. Sasaki, A. Aota, N. Matsumoto, H. Shiku, K. Ino, Y. 
Watanabe, T. Matsue, N. Ohmura, Microfluidic heavy metal immunoassay based on 
absorbance measurement, Biosens. Bioelectron. 33 (2012) 106-112. 
[41] C. Fan, S. He, G. Liu, L. Wang, S. Song, A portable and power-free microfluidic 
device for rapid and sensitive lead (Pb2+) detection,  Sensors 12 (2012) 9467-9475. 
[42] Y. Lu, W. Shi, J. Qin, B. Lin, Low cost, portable detection of gold nanoparticle-
labeled microfluidic immunoassay with camera cell phone, Electrophoresis 30 (2009) 
579-582. 
[43] Y. Luo, F. Yu, R.N. Zare, Microfluidic device for immunoassays based on surface 
plasmon resonance imaging, Lab Chip 8 (2008) 694-700. 
[44] C. Huang, K. Bonroy, G. Reekmans, W. Laureyn, K. Verhaegen,  I. De Vlaminck, L. 
Lagae, G. Borghs, Localized surface plasmon resonance biosensor integrated with 
microfluidic chip, Biomed. Microdevices 11 (2009) 893-901. 
[45] W-J. Zhou, A.R. Halpern, T.H. Seefeld, R.M. Corn, Near infrared surface plasmon 
resonance phase imaging and nanoparticle-enhanced surface plasmon resonance 
Capítulo 4 
178 
 
phase imaging for ultrasensitive protein and DNA biosensing with oligonucleotide and 
aptamer microarrays, Anal. Chem. 84 (2012) 440-445. 
[46] M. Lee, K. Lee, K.H. Kim, K.W. Oh, J. Choo, SERS-based immunoassay using a gold 
array-embedded gradient microfluidic chip, Lab Chip 12 (2012) 3720-3727. 
[47] J. Zhou, K. Ren, Y. Zhao, W. Dai, H. Wu, Convenient formation of nanoparticle 
aggregates on microfluidic chips for highly sensitive SERS detection of biomolecules, 
Anal. Bioanal. Chem. 402 (2012) 1601-1609. 
[48] R. Wilson, S.A. Bowden, J. Parnell, J.M. Cooper, Signal enhancement of surface 
enhanced Raman scattering and surface enhanced resonance Raman scattering using 
in situ colloidal synthesis in microfluidics, Anal. Chem. 82 (2010) 2119-2123. 
[49] C.D. Syme, N.M.S. Sirimuthu, S.L. Faley, J.M. Cooper, SERS mapping of 
nanoparticle labels in single cells using a microfluidic chip, Chem. Commun. 46 (2010) 
7921-7923. 
[50] L. Tong, M. Righini, M.U. Gonzalez, R. Quidant, M. Käll, Optical aggregation of 
metal nanoparticles in a microfluidic channel for surface-enhanced Raman scattering 
analysis, Lab Chip 9 (2009) 193-195. 
[51] S.H. Yazdi, I.M. White, Optofluidic surface enhanced Raman spectroscopy 
microsystem for sensitive and repeatable on-site detection of chemical contaminants, 
Anal.Chem. 84 (2012) 7992-7998. 
[52] S.H. Yazdi, I.M. White, A nanoporous optofluidic microsystem for highly sensitive 
and repeatable surface enhanced Raman spectroscopy detection, Biomicrofluidics 6 
(2012) 14105-141059. 
[53] S.H. Yazdi, I.M. White, Multiplexed detection of aquaculture fungicides using a 
pump-free optofluidic SERS microsystem, Analyst 138 (2013) 100-103. 
[54] G. Wang, C. Lim, L. Chen, H. Chon, J. Choo, J. Hong, A.J. deMello, Surface-
enhanced Raman scattering in nanoliter droplets: towards high-sensitivity detection of 
mercury (II) ions, Anal. Bioanal. Chem. 394 (2009) 1827-1832. 
[55] R. Gao, N. Choi, S-I. Chang, S.H. Kang, J.M. Song, S.I. Cho, D.W. Lim, J. Choo, Highly 
sensitive trace analysis of paraquat using a surface-enhanced Raman scattering 
microdroplet sensor, Anal. Chim. Acta 681 (2010) 87-91. 
[56] W. Chen, C. Peng, Z. Jin, R. Qiao, W. Wang, S. Zhu, L. Wang, Q. Jin, C. Xu, 
Ultrasensitive immunoassay of 7-aminoclonazepam in human urine based on CdTe 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
179 
 
nanoparticle bioconjugations by fabricated microfluidic chip, Biosens. Bioelectron. 24 
(2009) 2051-2056. 
[57] J.V. Jokerst, A. Raamanathan, N. Christodoulides, P.N. Floriano, A.A. Pollard, G.W. 
Simmons, J. Wong, C. Gage, W.B. Furmaga, S.W. Redding, J.T. McDevitt, Nano-bio-
chips for high performance multiplexed protein detection: Determinations of cancer 
biomarkers in serum and saliva using quantum dot bioconjugate labels, Biosens. 
Bioelectron. 24 (2009) 3622-3629. 
[58] X. Yu, H-S. Xia, Z-D. Sun, Y. Lin, K. Wang, J. Yu, H. Tang, D-W. Pang, Z-L. Zhang, On-
chip dual detection of cancer biomarkers directly in serum based on self-assembled 
magnetic bead patterns and quantum dots, Biosens. Bioelectron. 41 (2013) 129-136. 
[59] S. Agrawal, A. Morarka, D. Bodas, K.M. Paknikar, Multiplexed detection of 
waterborne pathogens in circular microfluidics, Appl. Biochem. Biotechnol. 167 (2012) 
1668-1677. 
[60] H. Zhang, L. Liu, C-W. Li, H. Fu, Y. Chen, M. Yang, Multienzyme-nanoparticles 
amplification for sensitive virus genotyping in microfluidic microbeads array using Au 
nanoparticle probes and quantum dots as labels, Biosens. Bioelectron. 29 (2011) 89-
96. 
[61] H-I. Peng, C.M. Strohsahl, B.L. Miller, Microfluidic nanoplasmonic-enabled device 
for multiplex DNA detection, Lab Chip 12 (2012) 1089-1093. 
[62] J.P. Lafleur, S. Senkbeil, T.G. Jensen, J.P. Kutter, Gold nanoparticle-based optical 
microfluidic sensors for analysis of environmental pollutants, Lab Chip 12 (2012) 4651-
4656. 
[63] W. Liang, Y. Li, B. Zhang, Z. Zhang, A. Chen, D. Qi, W. Yi, C. Hu, A novel microfluidic 
immunoassay system based on electrochemical immunosensors: An application for the 
detection of NT-proBNP in whole blood, Biosens. Bioelectron. 31 (2012) 480-485. 
[64] D. Tang, B. Su, J. Tang, J. Ren, G. Chen, Nanoparticle-based sandwich 
electrochemical immunoassay for carbohydrate antigen 125 with signal enhancement 
using enzyme-coated nanometer-sized enzyme-doped silica beads, Anal. Chem. 82 
(2010) 1527-.1534 
[65] Q. Li, D. Tang, J. Tang, B. Su, G. Chen, M. Wei, Magneto-controlled electrochemical 
immunosensor for direct detection of squamous cell carcinoma antigen by using serum 
as supporting electrolyte, Biosens. Bioelectron. 27 (2011) 153-159. 
Capítulo 4 
180 
 
[66] Y. Cui, D. Tang, B. Liu, H. Chen, B. Zhang, G. Chen, Biofunctionalized dendritic 
polyaniline nanofibers for sensitive electrochemical immunoassay of biomarkers 
Analyst 137 (2012) 1656-1662. 
[67] Y-J. Ko, J-H. Maeng, Y. Ahn, S.Y. Hwang, N-G. Cho, S-H. Lee, Microchip-based 
multiplex electro-immunosensing system for the detection of cancer biomarkers 
Electrophoresis 29 (2008) 3466-3476. 
[68] K.F. Lei, Electrical detection of sandwich immunoassay on indium tin oxide 
interdigitated electrodes, Micro & Nano Letters 6 (2011) 157-160. 
[69] K.F. Lei, Quantitative electrical detection of immobilized protein using gold 
nanoparticles and gold enhancement on a biochip, Meas. Sci. Technol. 22 (2011) 
105802. 
[70] F. Zhou, M. Lu, W. Wang, Z-P. Bian, J-R. Zhang, J-J. Zhu, Electrochemical 
immunosensor for simultaneous detection of dual cardiac markers based on a 
poly(dimethylsiloxane)-gold nanoparticles composite microfluidic chip: A proof of 
principle, Clinical Chem. 56 (2010) 1701-1707. 
[71] S. Sansuk, E. Bitziou, M.B. Joseph, J.A. Covington, M.G. Boutelle, P.R. Unwin, J.V. 
Macpherson, Ultrasensitive detection of dopamine using a carbon nanotube network 
microfluidic flow electrode, Anal. Chem. 85 (2013) 163-169. 
[72] C. Karuwan, A. Wisitsoraat, T. Maturos, D. Phokharatkul, A. Sappat, K. 
Jaruwongrungsee, T. Lomas, A. Tuantranont, Flow injection based microfluidic device 
with carbon nanotube electrode for rapid salbutamol detection, Talanta 79 (2009) 995-
1000. 
[73] D. Phokharatkul, C. Karuwan, T. Lomas, D. Nacapricha, A. Wisitsoraat, A. 
Tuantranont, AAO–CNTs electrode on microfluidic flow injection system for rapid 
iodide sensing, Talanta 84 (2011) 1390-1395. 
[74] R. Olivé-Monllau, C.S. Martínez-Cisneros, J. Bartrolí, M. Baeza, F. Céspedes, 
Integration of a sensitive carbon nanotube composite electrode in a ceramic 
microanalyzer for the amperometric determination of free chlorine, Sensors Actuat. B-
Chem. 151 (2011) 416-422. 
[75] D. Vilela, J. Garoz, A. Colina, M.C. González, A. Escarpa, Carbon nanotubes press-
transferred on PMMA substrates as exclusive transducers for electrochemical 
microfluidic sensing, Anal. Chem. 84 (2012) 10838-10844. 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
181 
 
[76] D. Vilela, A. Ansón-Casaos, M.T. Martínez, M.C. González, A. Escarpa, High NIR-
purity index single-walled carbon nanotubes for electrochemical sensing in microfluidic 
chips, Lab Chip 12 (2012) 2006-2014. 
[77] M. Pumera, A. Mercoçi, S. Alegret, Carbon nanotube detectors for microchip CE: 
Comparative study of single-wall and multiwall carbon nanotube, and graphite power 
films on glassy carbon, gold, and platinum electrode surfaces, Electrophoresis 28 
(2007) 1274-1280. 
[78] K. Balasubramanian, Challenges in the use of 1D nanostructures for on-chip 
biosensing and diagnostics: A review, Biosen. Bioelectron. 26 (2010) 1195-1204. 
[79] P. He, V. Oncescu, S. Lee, I. Choi, D. Erickson, Label-free electrochemical 
monitoring of vasopressin in aptamer-based microfluidic biosensors, Anal. Chim. Acta 
759 (2013) 74-80. 
[80] X. Li, Z. Chen, Y. Zhong, F. Yang, J. Pan, Y. Liang, Cobalt hexacyanoferrate modified 
multi-walled carbon nanotubes/graphite composite electrode as electrochemical 
sensor on microfluidic chip, Anal. Chim. Acta 710 (2012) 118-124. 
[81] C.K. Chua, M. Pumera, Chemically modified graphenes as detectors in lab-on-chip 
device, Electroanalysis 25 (2013) 945-950. 
[82] C.K. Chua, A. Ambrosi, M. Pumera, Graphene based nanomaterials as 
electrochemical detectors in Lab-on-a-chip devices, Electrochem. Commun. 13 (2011) 
517-519. 
 [83] S.V. Pereira, F.A. Bertolino, M.A. Fernández-Baldo, G.A. Messina, E. Salinas, M.I. 
Sanz, J. Raba, A microfluidic device based on a screen-printed carbon electrode with 
electrodeposited gold nanoparticles for the detection of IgG anti-Trypanosoma cruzi 
antibodies,  Analyst 136 (2011) 4745-4751. 
[84] S.V. Pereira, F.A. Bertolino, G.A. Messina, J. Raba, Microfluidic immunosensor with 
gold nanoparticle platform for the determination of immunoglobulin G anti-
Echinococcus granulosus antibodies, Anal. Biochem. 409 (2011) 98-104. 
[85] B.V. Chikkaveeraiah, V. Mani, V. Patel, J.S. Gutkind, J.F. Rusling, Microfluidic 
electrochemical immunoarray for ultrasensitive detection of two cancer biomarker 
proteins in serum, Biosens. Bioelectron. 26 (2011) 4477-4483. 
[86] R. Malhotra, V. Patel, B.V. Chikkaveeraiah, B.S. Munge, S.C. Cheong, R.B. Zain, M.T. 
Abraham, D.K. Dey, J.S. Gutkind, J.F. Rusling, Ultrasensitive detection of cancer 
Capítulo 4 
182 
 
biomarkers in the clinic by use of a nanostructured microfluidic array, Anal. Chem. 84 
(2012) 6249-6255. 
[87] S-Y. Won, P. Chandra, T.S. Hee, Y-B. Shim, Simultaneous detection of antibacterial 
sulfonamides in a microfluidic device with amperometry, Biosens. Bioelectron. 39 
(2013) 204-209. 
[88] Y. Du, C. Chen, M. Zhou, S. Dong, E. Wang, Microfluidic Electrochemical aptameric 
assay integrated on-chip: a potentially convenient sensing platform for the amplified 
and multiplex analysis of small molecules, Anal. Chem. 83 (2011) 1523-1529. 
[89] D. Tang, Z. Zhong, R. Niessner, D. Knopp, Multifunctional magnetic bead-based 
electrochemical immunoassay for the detection of aflatoxin B1 in food, Analyst 134 
(2009) 1554-1560. 
[90] K.N. Han, C.A. Li, M-P.N. Bui, X-H. Pham, B.S. Kim, Y.H. Choa, E.K. Lee, G.H. Seong, 
On-chip electrochemical detection of bio/chemical molecule by nanostructures 
fabricated in a microfluidic channel, Sensors Actuat. B 177 (2013) 472-477. 
[91] Y. Li, Q-S. Kang, G-P.Sun, L-J. Su, Z-H. Zheng, Z-F. Zhang, H-Z. Wang, Z-K. He, W-H. 
Huang, Microchip-based immunoassays with application of silicon dioxide nanoparticle 
film, Anal. Bioanal. Chem. 403 (2012) 2449-2457. 
[92] X. Li, D.R. Ballerini, W. Shen, A perspective on paper-based microfluidics: current 
status and future trends, Biomicrofluidics 6 (2012) 11301-1 – 11301-13. 
[93] W. Li, S. Ge, S. Wang, M.Yan, L. Ge, J.Yu, Highly sensitive chemiluminescence 
immunoassay on chitosan membrane modified paper platform using TiO2 
nanoparticles/multiwalled carbon nanotubes as label, Luminescence. DOI 
10.1002/bio.2482 
[94] L. Ge, S. Wang, X. Song, S. Ge, J. Yu, 3D Origami-based multifunction-integrated 
immunodevice: low-cost and multiplexed sandwich chemiluminescence immunoassay 
on microfluidic paper based analytical device, Lab Chip 12 (2012) 3150-3158. 
[95] W. Li, M. Li, S. Ge, M. Yan, J. Huang, J. Yu, Battery-triggered ultrasensitive 
electrochemiluminescence detection on microfluidic paper-based immunodevice 
based on dual-signal amplification strategy, Anal. Chim. Acta 767 (2013) 66-74. 
[96] M. Zhang, L. Ge, S. Ge, M. Yan, J. Yu, J. Huang, S. Liu, Three-dimensional paper-
based electrochemiluminescence device for simultaneous detection of Pb2+ and Hg2+ 
based on potential-control technique, Biosens. Bioelectron. 41 (2013) 544-550. 
Desarrollo de nuevas metodologías analíticas con nanomateriales 
 
183 
 
[97] P. Wang, L. Ge, M. Yan, X. Song, S. Ge, J. Yu, Paper-based three-dimensional 
electrochemical immunodevice based on multi-walled carbon nanotubes 
functionalized paper for sensitive point-of-care testing, Biosens. Bioelectron. 32 (2012) 
238-243. 
 
 
 
 
  
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
CAPÍTULO 5 
DISCUSIÓN DE LOS RESULTADOS 
DISCUSSION OF THE RESULTS 
 
 
 
 
 
 
 
 
 
 
  
 
 
Discusión de los resultados          
187 
 
Introducción 
 En este capítulo se aborda una discusión detallada y crítica de los resultados 
obtenidos a lo largo de esta Tesis Doctoral. Se discuten las ventajas y limitaciones de 
las metodologías desarrolladas y se comparan sus características con las de otros 
métodos previamente descritos. 
 El capítulo se divide en tres secciones: 1) Nanopartículas de oro (AuNPs) en 
sistemas de flujo convencionales. 2) Sistemas microfluídicos sin y con separación y 3) 
Nanopartículas en sistemas microfluídicos. 
 
1. Nanopartículas de oro en sistemas de flujo convencionales 
 En este apartado se comentan y discuten las investigaciones realizadas para el 
establecimiento de dos métodos para la determinación de compuestos tiólicos, ambos 
con la finalidad de automatizar la mezcla de los reactantes y la obtención de los 
resultados analíticos. El objetivo básico de este estudio ha sido el desarrollo de nuevas 
metodologías introduciendo las AuNPs como herramientas para poder mejorar las 
propiedades analíticas de los métodos ya existentes. A continuación se discuten los 
resultados obtenidos.  
 
Determinación de N-acetilcisteína en preparados farmacéuticos mediante la 
agregación de AuNPs y medida de la dispersión de la radiación. 
 Previas a la metodología que aquí se presenta se han descrito otras para la 
determinación de N-acetilcisteína en preparados farmacéuticos. En ellas se determina 
este compuesto de manera indirecta mediante fotometría, utilizando el análisis por 
inyección en flujo [1-4] o mediante un método cinético que emplea como parámetros 
analíticos la velocidad inicial y el incremento de la señal analítica a un intervalo de 
tiempo fijo [5]. También se han desarrollado métodos mediante detección 
fluorescente [6, 7], turbidimetría [8] y cromatografía de líquidos con detección 
ultravioleta [9]. En general, los límites de detección alcanzados en estos métodos se 
encuentran a niveles entre 0,31 y 80 µmol L-1.  
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 En la investigación realizada se ha estudiado el comportamiento de diferentes 
compuestos tiólicos en presencia de AuNPs: N-acetilcisteína, cisteína, homocisteína, 
glutatión y ácido tioglicólico, y algunos derivados, tales como metionina y homocistina. 
Aunque el método propuesto no distingue entre estos compuestos, es posible su 
aplicación en muestras donde existe un único tiol, como  es el caso de la N-
acetilcisteína en preparados farmacéuticos.  
La interacción de tioles con AuNPs se ha descrito previamente para la 
determinación de estos compuestos, utilizando medidas fotométricas [10] y de 
dispersión de la radiación [11]. También se ha propuesto un método para la 
determinación de cisteína y homocisteína empleando AuNPs recubiertas con el 
surfactante fluorescente Zonyl FSN [12]. El método se basa en la diferencia en la 
cinética de agregación en presencia de estos compuestos y aprovecha que estas AuNPs 
no se agregan en presencia de otros tioles La agregación inducida de las AuNPs se ha 
empleado como sistema de derivatización post-columna para la determinación 
fotométrica de homocisteína en presencia Zonyl FSN [13] y para la determinación de 
cisteína, homocisteína, glutatión, cisteinglicina y glutamilcisteína en presencia del 
surfactante Brij-35 [14]. También se ha descrito un método fluorimétrico en el que se 
mide indirectamente la concentración de tiol, utilizando cisteína como analito modelo, 
basándose en la liberación de un reactivo fluorescente previamente enlazado a las 
AuNPs [15].  
La novedad de la investigación presentada en esta Memoria es el empleo de un 
sistema de mezcla de flujo detenido para determinar compuestos tiólicos y derivados 
mediante la agregación de las AuNPs debida a la afinidad del azufre de estos 
compuestos por el oro, formándose el enlace Au-S. En el método se mide la dispersión 
de la radiación y se utilizan la velocidad inicial y la variación de la señal en un intervalo 
de tiempo fijo como parámetros analíticos. La elevada velocidad que alcanzan los 
flujos de los reactantes en este sistema favorece la interacción entre ellos y aumenta 
notablemente la velocidad del proceso. Como resultado, el método propuesto no 
requiere un periodo de incubación para obtener la señal analítica, a diferencia de otros 
métodos basados en la agregación de las AuNPs [10-12]. Sólo se necesitan 5 s para la 
medida de la velocidad inicial, y 10 s para obtener el incremento de la señal. Este 
comportamiento del sistema justifica la elevada velocidad de muestreo del método (40 
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h-1). Los límites de detección obtenidos mediante el método de velocidad inicial fueron 
menores que con el método de tiempo fijo, por lo que se escogió el primero para el 
análisis de muestras reales. 
En el estudio de la optimización del sistema se obtuvo que la adición del 
tensioactivo catiónico CTAB contribuye favorablemente a la agregación de las AuNPs y, 
por ende, a la mejora de la señal analítica. Por el contrario, la adición de un surfactante 
aniónico como el SDS o uno neutro como el Tritón X-100 no modifica la señal.  
En la Tabla 1 (método 1) se muestran los límites de detección alcanzados, los 
cuales varían entre 0,52 µmol L-1 para el glutatión y 6,12 µmol L-1 para la metionina. El 
límite de detección obtenido para la N-acetilcisteína es 0,87 µmol L-1, inferior a los 
obtenidos en algunos métodos descritos previamente [1, 4, 8, 9]. Los valores de 
precisión, expresada como desviación estándar relativa (% DER), se estudiaron  a dos 
niveles de concentración  de N-acetilcisteína, obteniendo valores de 3,6 y 0,6 % 
midiendo velocidad inicial, y de 4,5 y 2,1 % midiendo variación de señal a un tiempo 
fijo, en la zonas próximas al límite de cuantificación y al centroide de la recta de 
calibrado, respectivamente. La elevada frecuencia de muestreo del método lo hace 
especialmente adecuado para análisis de rutina.  
 El método se ha aplicado satisfactoriamente al análisis de preparados 
farmacéuticos, coincidiendo los resultados obtenidos con los valores nominales. 
Además, el tratamiento de la muestra para su análisis es muy simple, ya que sólo es 
necesaria una adecuada dilución en el caso de muestras líquidas y, en el caso de 
muestras sólidas efervescentes, su disolución y filtración previas. 
 Determinación fotométrica de ácido tioglicólico en cosméticos utilizando un 
sistema de inyección en flujo y  la formación de AuNPs. 
 Los métodos determinativos de ácido tioglicólico descritos hasta la actualidad 
en cosméticos utilizan principalmente cromatografía de líquidos con detección 
fotométrica [16, 17] o electroquímica [18]. También se ha descrito su determinación 
electroquímica directa, utilizando un electrodo composite de cerámica de carbono 
[19].   
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En este trabajo se presenta por primera vez la determinación directa de tioles 
utilizando su capacidad para reducir el Au(III), dando lugar a la formación de AuNPs. 
Aunque previamente se ha descrito el uso de compuestos tiólicos para la síntesis de 
AuNPs [20-22], hasta la fecha ha sido muy escasamente utilizado con fines 
determinativos. Además, la duración del proceso de síntesis es muy superior a la del 
método analítico propuesto. En este método se utiliza un sistema de inyección en flujo 
(FIA) con un detector fotométrico para automatizar la determinación, midiendo la 
absorbancia de la banda plasmón de resonancia, la cual es directamente proporcional 
a la concentración de analito existente en la muestra. Se ha comprobado el efecto 
positivo que proporciona el medio micelar en presencia del surfactante Tritón X-100, 
que da lugar a AuNPs de menor tamaño y con una distribución de tamaños más 
homogénea. Un comportamiento parecido ocurre con el SDS, aunque la intensidad de 
la señal es menor. En cambio, el CTAB, produce un desplazamiento batocrómico de la 
banda plasmón, lo que puede atribuirse a la agregación de las AuNPs. 
El método propuesto utiliza la modalidad de flujo invertido inyectando en la 
corriente portadora el reactivo (HAuCl4), en vez de la muestra, con el fin de minimizar 
el consumo de Au(III) y, por tanto, de reducir costes. También se utiliza la modalidad 
de flujo detenido no cinético, ya que el flujo de la mezcla de reactantes se detiene 
durante 4 minutos cuando alcanza un baño termostatado a 90ºC situado antes del 
detector para que se produzca la formación de las AuNPs.  
En el proceso de la optimización de variables se empleó la metodología 
univariante, siendo la concentración de HAuCl4 y el pH dos de las variables más críticas 
del sistema. En el primer caso se obtuvo un gran aumento de la señal analítica para 
valores de concentración entre 0,01 y 0,015 % (p/v), escogiendo este último como 
valor óptimo. Por otra parte, al estudiar el pH se observó que la señal disminuía 
considerablemente a valores inferiores y superiores a 4. Especial interés en este 
sistema tiene la influencia del medio micelar obtenido en presencia de Triton X—100. 
El efecto positivo que origina este surfactante se atribuye a la interacción del grupo 
carboxílico del ácido tioglicólico con la parte polar de la micela, favoreciendo la 
orientación adecuada del grupo tiol para que interaccione con los iones Au(III). 
  Los límites de detección alcanzados (Tabla 1, método 2) varían entre 1,73 
µmol L-1 para el ácido tioglicólico y 9,60 µmol L-1 para la homocisteína. Aunque el límite 
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de detección para el ácido tioglicólico es mayor que los obtenidos en otros métodos 
[18, 19], el método es adecuado para su aplicación al análisis de cosméticos sin 
necesidad de preconcentrar. La precisión del método se estudió a dos niveles de 
concentración del analito, obteniéndose desviaciones estándar relativas de 2,3 y 1,5 % 
en la zonas próximas al límite de cuantificación y al centroide de la recta de calibrado, 
respectivamente, para el ácido tioglicólico. 
Al igual que el método anterior, este método sería útil para la determinación 
del contenido de tioles totales.  No obstante, un requisito básico es el estudio del 
efecto de la matriz de la muestra ya que la presencia de otras especies reductoras 
podría dar lugar a interferencias positivas. Asimismo, esta metodología es apta para el 
análisis de rutina ya que facilita la automatización de todo el proceso analítico.  
El método se aplicó al análisis de cuatro muestras de cosméticos: dos lociones 
de permanente para el cabello y dos cremas depilatorias. Los resultados obtenidos se 
compararon con el método oficial para la determinación de ácido tioglicólico en 
cosméticos, el cual consiste en una yodometría, como se describe en la Tercera 
Directiva 83/514/CEE, relativa a los métodos de análisis para el control de la 
composición de los productos cosméticos [23]. 
 
Comparación general de las dos metodologías propuestas para la 
determinación de compuestos tiólicos utilizando AuNPs como reactivos 
El objetivo final de los métodos desarrollados ha sido demostrar la utilidad de 
las AuNPs como reactivos para la determinación de compuestos tiólicos. No obstante, 
además del uso de distintos sistemas de flujo, es de destacar que en cada método se 
ha utilizado una propiedad diferente tanto de las NPs como de los analitos.  
En el primer método se utiliza la capacidad de los compuestos tiólicos para 
provocar la agregación de las NPs mediante la interacción Au-S, usando un 
espectrofluorímetro para realizar la medida de dispersión de la radiación. El segundo 
método se basa en el carácter reductor de los analitos para obtener “in situ” las AuNPs 
y realizar medidas de absorbancia utilizando la banda plasmón de resonancia 
característica de estas NPs. 
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A continuación se comparan las principales características analíticas que 
presentan cada método. En la Tabla 1 se muestran los límites de detección obtenidos 
para cada uno de los tioles ensayados usando la técnica de mezcla de flujo detenido 
(método 1) y el sistema de análisis en flujo (método 2). Como puede observarse, los 
valores obtenidos en el primer método son menores, excepto para el ácido tioglicólico. 
El comportamiento del glutatión se estudió en ambos métodos, pero no se obtuvo una 
señal proporcional a su concentración para el método 2. En lo referente a la precisión, 
los valores obtenidos fueron ligeramente mejores en el método 1, aunque las 
diferencias no fueron significativas. 
 
Tabla 1 Comparación de los límites de detección (LOD) obtenidos en la 
determinación de compuestos tiólicos  
Analito LOD (µmol L-1) 
Método 1 Método 2 
N-acetilcisteína 
Cisteína 
Homocisteína 
Glutatión 
Ácido tioglicólico 
Metionina 
Homocistina 
0,87 
0,78 
1,33 
0,52 
2,36 
6,12 
0,60 
6,43 
3,20 
9,60 
- 
1,73 
2,95 
4,06 
 
La frecuencia de muestreo es bastante mayor en el método 1, con un valor de 
40 h-1 frente a 9 h-1 en el método 2. La mayor lentitud de este método se debe a las 
sucesivas etapas de lavado y de parada de flujo que se realizan entre medidas 
consecutivas. Por tanto, el método 1 sería más adecuado para su utilización en el 
análisis de rutina.  
Es de destacar que en ambos métodos el tratamiento de la muestra es muy 
sencillo, lo que simplifica considerablemente el análisis. Las muestras líquidas sólo 
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requieren una adecuada dilución para realizar la medida dentro del intervalo lineal de 
la recta de calibrado. Las muestras sólidas se disuelven fácilmente en agua. 
          
2. Sistemas microfluídicos sin y con separación 
Como ya se ha indicado, el uso de sistemas microfluídicos en Química Analítica 
constituye un área de investigación relativamente reciente. En este bloque se discuten 
las características de tres metodologías desarrolladas para la determinación de 
antibióticos en sistemas microfluídicos. El objetivo general fue ampliar la aplicabilidad 
analíticas de estos sistemas, aprovechando las características inherentes a la 
miniaturización, tales como: 
- La disminución del consumo de reactivos y muestra, con el consecuente 
abaratamiento de costes.  
- La reducción del tiempo de análisis y el aumento de la frecuencia de 
muestreo. 
- La simplificación de la manipulación por parte del operador. 
En los estudios realizados se han utilizado tres tipos de dispositivos 
microfluídicos, actuando uno de ellos como reactor en un microsistema de flujo en 
continuo, y los otros dos como dispositivos de electroforesis en chip. En los tres 
métodos desarrollados se han empleado técnicas luminiscentes como sistemas de 
detección para la adquisición de la señal analítica. 
Una limitación que presenta gran parte de las metodologías microfluídicas es su 
escasa aplicabilidad en el análisis de muestras reales con matrices complejas. De las 
tres metodologías que se proponen en este apartado, dos se han aplicado al análisis de 
aguas. Se prevé realizar futuras investigaciones para conseguir la aplicación de estos 
métodos al análisis de otras muestras con matrices más complejas, tales como de 
alimentos y clínicas. 
Cabe indicar que otra característica de los métodos microfluídicos es la 
posibilidad de desarrollar sistemas portátiles. No obstante, las metodologías 
propuestas en esta Memoria no ofrecen esta posibilidad debido a que, para conseguir 
la portabilidad, todas las etapas del proceso analítico deben realizarse en el dispositivo 
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microfluídico, consiguiendo lo que en la terminología inglesa se denominan Micro 
Total Analysis Systems (µ-TAS). La utilización de instrumentación y equipos adicionales 
para completar el proceso analítico limita el desarrollo generalizado de estos sistemas. 
En esta Memoria se han desarrollado: 
(a) Un método para la determinación quimioluminiscente de aminoglucósidos 
en muestras de agua empleando un dispositivo microfluídico de flujo continuo, (b) Un 
método para la separación de dos fluoroquinolonas mediante electroforesis en chip, 
midiendo la fluorescencia nativa de estos compuestos, y (c) Un método para la 
separación de fluoroquinolonas y su determinación en muestras de agua mediante 
electroforesis en chip, utilizando Tb(III) como reactivo derivatizante y luminiscencia 
sensibilizada como sistema de detección. A continuación se discutirán los resultados 
obtenidos para cada una de las metodologías desarrolladas. 
 
(a) Determinación de antibióticos aminoglucósidos mediante un sistema 
microfluídico con detección quimioluminiscente 
Se ha desarrollado una metodología de microinyección en flujo (µFI) con objeto 
de llevar a cabo la integración de la reacción y la medida de la  señal analítica en un 
espacio limitado. El método se basa en la inhibición que producen estos antibióticos en 
la reacción quimioluminiscente entre el luminol y el peróxido de hidrógeno, catalizada 
por iones Cu(II) (Figura 1). Esta inhibición se debe a la formación de un complejo entre 
el cobre y el aminoglucósido, disminuyendo la concentración de ión libre en el sistema.  
Algunas características inherentes a la detección quimioluminiscente son la 
buena sensibilidad y el bajo ruido de fondo, debido esto último a la ausencia de una 
fuente de radiación. Además, al no necesitar esta fuente, se puede aumentar el ancho 
de rendija del monocromador de emisión en el instrumento aumentando así la señal 
que llega al detector [24]. 
Aunque el método propuesto no incluye la separación de aminoglucósidos y, 
por tanto, no permite su cuantificación individual, constituye una alternativa original y 
rápida como método de screening para la detección de estos antibióticos en muestras 
de agua. 
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Figura 1. Efecto de inhibición de los aminoglucósidos en la reacción de quimioluminiscencia entre el 
luminol y el peróxido de hidrógeno, catalizada por el ión Cu(II). 
  
 Inicialmente se estudió la distribución de los reactivos en el sistema 
microfluídico. De las distintas opciones ensayadas, se escogió la inyección de una 
mezcla de peróxido de hidrógeno y cobre con el fin de evitar la deposición del ión 
metálico en las paredes del microcanal cuando éste se hace pasar en continuo. 
Seguidamente se realizó un estudio del efecto inhibidor del aminoglucósido 
añadiéndose a cada uno de los reactivos por separado, con la finalidad de obtener la 
máxima señal neta en presencia y en ausencia de analito. Se observó una inhibición 
mayor cuando el aminoglucósido se adicionó a la disolución de luminol. Según esta 
distribución, la relación de concentraciones entre el catalizador y el analito es menor 
que en los otros casos, debido a que las disoluciones de peróxido de hidrógeno y de 
ión Cu(II) se mezclan y se diluyen antes de alcanzar el dispositivo microfluídico. 
También fue necesario pasar una disolución de lavado de ácido nítrico diluido entre 
medidas consecutivas, lo que incide en una disminución en la velocidad de muestreo. 
 La metodología desarrollada se aplicó a la determinación de tres 
aminoglusósidos, obteniéndose límites de detección de 0,09, 0,28 y 0,24 µmol L-1 para 
neomicina, estreptomicina y amikacina, respectivamente. La presencia de cuatro 
unidades de aminoazúcares en la estructura de la neomicina le confiere una mayor 
capacidad de coordinación con el Cu(II) que la estreptomicina y la amikacina, con una 
unidad menos, lo que justifica que el límite de detección obtenido para la primera sea 
menor.  
En la Tabla 2 se comparan las características de la metodología propuesta con 
las de otros métodos FIA o HPLC para la determinación de aminoglucósidos mediante 
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detección quimioluminiscente [25-32]. Como puede observarse, por ejemplo para la 
amikacina, aunque hay un método FIA que presenta mayor límite de detección [25], en 
general, el valor obtenido en el método propuesto es superior al descrito en otros 
métodos. Sin embargo, el consumo de muestras y reactivos se reduce notablemente 
debido a la miniaturización del sistema. Es de señalar que los aminoácidos presentan 
un comportamiento similar al de los aminoglucósidos en este sistema 
quimioluminiscente, incidiendo negativamente en la selectividad del método. 
 
(b) Determinación de fluoroquinolonas mediante electroforesis en chip con 
detección fluorescente 
El método propuesto describe por primera vez la separación y determinación 
mediante electroforesis en chip de ciprofloxacino y norfloxacino, dos fluoroquinolonas 
con estructuras químicas y constantes de acidez muy similares. Debido a la 
fluorescencia nativa que presentan estos compuestos, que se excitan a una longitud de 
onda de 330 nm y emiten a 412 nm,  pueden detectarse directamente sin 
derivatización previa. Sin embargo, la relativamente baja intensidad de la señal emitida 
afecta negativamente a la sensibilidad obtenida. Además, la emisión de los analitos 
puede modificarse por la presencia de otras especies presentes en la muestra. 
La separación mediante electroforesis capilar convencional de ciprofloxacino y 
norfloxacino ha sido previamente estudiada; sin embargo, las condiciones 
experimentales descritas no resultan adecuadas para la correcta separación en el chip 
debido a las reducidas dimensiones del microcanal. Estudios previos realizados 
mediante cromatografía electrocinética micelar utilizando SDS o acetonitrilo como 
aditivo de la disolución electrolítica, no dieron resultados satisfactorios en la 
electroforesis en chip. Por ello se estudiaron otras alternativas para conseguir la 
adecuada separación de estos analitos. Con este fin se ensayó la γ-ciclodextrina como 
aditivo de la disolución electrolítica. Estas moléculas suelen emplearse para la 
separación de enantiómeros, aunque en este caso se han utilizado para dos 
compuestos con estructura molecular similar, consiguiendo una buena resolución en la 
separación.  
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Tabla 2. Características de los métodos quimioluminiscentes para la determinación de 
aminoglucósidos 
Aminoglicósidos
 
Método/Sistema químico
 
Intervalo lineal 
 (μmol  L-1)
 
LOD 
(μmol  L-1)
 
Applicaciones/Comentarios
 
Referencia
 
Amikacina FI convencional  
Luminol/H2O2/Cu(II) 
16.9 – 34.2 5.1 Fármacos [25] 
Amikacina RP-HPLC 
Luminol/H2O2/Cu(II) 
0.3 - 3.4 8.5x10-2 
 
Plasma y orina  
Reacción post-columna 
[26] 
Amikacina 
Estreptomicina 
Kanamicina B 
Paromomicina 
Neomicina B 
HPLC de intercambio 
catiónico 
Luminol/H2O2/Cu(II)/Micelas 
denTriton X-100 
4.3x10-3 - 8.5x10-2 
4.3x10-2 - 0.9 
6.2x10-2 - 1.5 
4.9x10-3 - 0.1 
5.5x10-3 - 0.1 
 
1.2x10-3 
1.2x10-2 
2.1x10-2 
1.4x10-3 
1.6x10-3 
 
Agua 
Preconcentración de 
muestra mediante 
extracción en fase sólida. 
Reacción post-columa 
[27] 
Amikacina FIA convencional  
Luminol/argentato de 
diperyodato (III) (DPA) 
5.1 x 10-2 - 5.1 1.9 x 10-2 Suero 
El DPA se prepara 
diariamente utilizando 
AgNO3, NaIO4, K2S2O8 y KOH 
[28] 
Estreptomicina FIA convencional 
Luminol/KIO4/Mn(II) 
10-2 – 1.7 5.2 x 10-3 Leche [29] 
Gentamicina FIA convencional 
Luminol/NaClO 
2.1 - 8.4 
 
5x10-2 Fármacos [30] 
Gentamicina FIA convencional 
TCPO/H2O2/Imidazol/ 
micelas de SDS 
8.2 - 62.8 
 
2.5 Fármacos. 
Un derivado previamente 
sintetizado de gentamicin-
OPA-NAC derivative 
participa en la reacción 
quimioluminiscente  
[31] 
Gentamicina FIA convencional 
Co(III)/H2SO4 
electrogenerado 
2x10-2 - 168 10-2 Fármacos.  
Reaccgón directa de la 
gentamicina con el Co(II)  
[32] 
Neomicina 
Estreptomicina 
Amikacina 
µFI 
Luminol/H2O2/Cu(II)  
0.3 – 3.3 
0.9 - 13.7 
0.8 - 8.5 
9x10-2 
0.28 
0.24 
Agua Este 
trabajo 
TCPO: bis(2,4,6-trichlorofenil)oxalato; OPA: aldehído o-ftálico; NAC: n-acetilcisteína 
 
También se utilizó hidroxipropilmetilcelulosa (HPMC) como sistema de 
recubrimiento no permanente de la pared interna del microcanal. Este recubrimiento 
disminuye considerablemente el flujo electroosmótico, por lo que la separación se 
debe casi exclusivamente a la movilidad electroforética de los analitos. La HPMC es un 
polímero inestable e ineficaz a valores de pH superiores a 7 pero, debido a que la 
electroforesis se desarrolla a un pH de 4,5, la HPMC resulta apta para su utilización. 
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Esta opción evita la necesidad de realizar recubrimientos permanentes mediante 
enlaces covalentes en la pared del canal, que requieren más tiempo y esfuerzo.  
En la Tabla 3 se muestran diferentes metodologías descritas para la separación 
electroforética de fluoroquinolonas, entre las que se encuentran el ciprofloxacino y el 
norfloxacino, y se comparan con la electroforesis en chip propuesta en esta Memoria. 
Como puede observarse, los límites de detección del método propuesto son, en 
general, mayores que los obtenidos con otras metodologías, aunque la duración del 
análisis disminuye, aumentando así la rapidez de la determinación y la frecuencia de 
muestreo. Además, debido a que la detección se realiza midiendo la fluorescencia 
nativa de las fluoroquinolonas, se evitan etapas previas de derivatización, lo que 
simplifica el método. 
 
(c) Luminiscencia de tiempo resuelto sensibilizada con terbio como sistema de 
detección en electroforesis en chip. Determinación de fluoroquinolonas 
 Se ha estudiado por vez primera la utilidad analítica de la luminiscencia de 
tiempo resuelto sensibilizada con terbio como sistema de detección en electroforesis 
en chip. El estudio se ha aplicado a la determinación de tres fluoroquinolonas, 
ciprofloxacino, enrofloxacino y flumequina, elegidas como analitos modelo. La 
derivatización está basada en la formación de quelatos solubles y estables de los 
analitos con el Tb(III).  La Figura 2 muestra un esquema del proceso de transferencia 
de energía en el que se basa la luminiscencia sensibilizada con terbio. El ligando 
orgánico absorbe energía pasando a un estado singlete excitado (S1). A continuación 
pasa a un estado triplete (T1)  y transfiere la energía al ión Tb(III), el cual es excitado a 
un nivel de resonancia y, finalmente, emite una radiación característica. Esta técnica 
luminiscente se caracteriza por su selectividad espectral debida a la estrecha banda de 
emisión cuyo máximo aparece a una longitud de onda relativamente larga. Este 
comportamiento minimiza posibles interferencias de especies fluorescentes existentes 
en la matriz de la muestra, que suelen emitir a menores longitudes de onda.  
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Tabla 3.  Metodologías descritas para la determinación de fluoroquinolonas mediante electroforesis capilar. 
 
Fluoroquinolonas Condiciones experimentales Sistema de detección Intervalo lineal 
(µg mL
-1
) 
Límite de detección 
(µg mL
-1
) 
Tiempo de 
análisis (min) 
Aplicaciones/ Comentarios Referencia 
Norfloxacino 
Ciprofloxacino 
Búfer 25 mmol L
-1
 + luminol 
0,75 mmol L
-1
, pH= 6,0 
Quimioluminiscencia 0,019 – 6,38 
 
1,7 x 10
-4 
– 0,40  
9,2 x 10 
-5  
3,3 x 10 
-7 
 
4,5 Orina/ Reacción luminol-H2O2 [33] 
Ofloxacino 
Ciprofloxacino 
Danofloxacino 
Enrofloxacino 
Norfloxacino 
Búfer carbonato 25 mmol L
-1
 
+ SDS 100 mmol L
-1
, pH= 9,2 
LIF 1 – 5 en todos 
los casos 
0,1 en todos los casos 12 - [34] 
Norfloxacino 
Ciprofloxacino 
Ofloxacino 
Búfer borato-fosfato 70 
mmol L
-1
, pH= 8,5 
Quimioluminiscencia 0,031 – 31,93 
 
0,17 – 165,67  
0,036 – 36,14  
0,016 
0,23 
0,028  
13,3 Orina 
- 
Colirio/ 
Reación Ce(SO4)2-Ru(bpy)3
2+
-HNO3 
[35] 
Moxifloxacino 
Lomefloxacino 
Norfloxacino 
Ciprofloxacino 
Ofloxacino 
Enrofloxacino 
Ácido oxolínico 
Flumequina 
Fleroxacino 
Búfer fosfato 50 mmol L
-1
 
(pH= 7,55) - acetonitrilo 
(60:40, v/v) 
Fluorescencia 
 
0,002 – 5  
0,01 – 5  
0,015 – 5  
0,02 – 5  
0,01 – 5  
0,15 – 5  
0,03 – 5  
0,1 – 5  
0,0075 – 5  
7 x 10
-4
  
0,0035  
0,006  
0,0075  
0,0035  
0,006  
0,011  
0,03  
0,0025  
23 Sangre y agua [36] 
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Tabla 3. Continuación 
 
Fluoroquinolonas Condiciones experimentales Sistema de 
detección 
Intervalo lineal 
(µg mL
-1
) 
Límite de detección 
(µg mL
-1
) 
Tiempo de análisis (min) Aplicaciones/ 
Comentarios 
Referencia 
Ofloxacino 
Norfloxacino 
Gatifloxacino 
Ciprofloxacino 
Enoxacino 
Pazufloxacino 
Tosufloxacino 
Enrofloxacino 
Búfer borato (pH= 7,1) + SDS 
1,7 % (v/v) + [BMIM]PF6 1,5 
% (v/v) 
Fotometría - - 15 - [37] 
Norfloxacino 
Ciprofloxacino 
Búfer fosfato (pH= 4,5) + γ-
CD 30 mmol L
-1
. 
Recubrimiento del canal con 
HPMC 0,05 % (m/v) 
Fluorescencia 1,10 – 10
 
1,67 – 10 
0,33
 
0,50 
3 - Este trabajo 
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Figura 2. Mecanismo de transferencia de energía de la luminiscencia sensibilizada con terbio. 
  
Debido a los distintos procesos que ocurren en el estado excitado, los quelatos 
de iones lantánidos se caracterizan por presentar una duración de la luminiscencia 
mayor que la de otros fluoróforos, lo que permite usar la modalidad de tiempo 
resuelto paras mejorar la selectividad temporal. El osciloscopio utilizado en este 
estudio puede discriminar la diferencia entre la duración de la luminiscencia de los 
quelatos de las fluoroquinolonas con el terbio y la duración del pulso del láser y de 
otros interferentes fluorescentes. Se produce así un ensanchamiento de la señal en el 
osciloscopio al pasar los analitos a través de la zona de detección. Para obtener los 
electroferogramas y para la cuantificación de los analitos, se ha utilizado la diferencia 
entre el ancho de banda de la emisión del terbio y el del pulso del láser como 
parámetro analítico. 
 El estudio se ha realizado adicionando el terbio a la disolución electrolítica, 
formándose los quelatos luminiscentes a lo largo del microcanal. Esta opción evita la 
necesidad de diseñar chips electroforéticos que contengan un microcanal adicional de 
derivatización posterior a la separación, permitiendo la utilización de microchips 
estándar. El flujo electroosmótico y la movilidad electroforética de los analitos se ven 
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afectados por la concentración de ión Tb(III), aumentando el tiempo de migración y 
disminuyendo la intensidad de la señal con su concentración. Sin embargo, a bajas 
concentraciones de Tb(III) no se obtiene una adecuada resolución de los picos 
electroforéticos. Por otro lado, el tiempo de migración de las fluoroquinolonas 
aumenta al hacerlo el pH, a diferencia del comportamiento esperado en electroforesis 
en chips de vidrio cuando el microcanal no se encuentra recubierto. Esto puede 
adscribirse a que el terbio precipita a valores de pH próximos a 7 y, por tanto, se 
encuentran cerca del equilibrio de precipitación, modificándose la composición de la 
disolución electrolítica. 
La precipitación del terbio en el microcanal también puede producirse cuando 
se utiliza un alto voltaje o un búfer no adecuado. Por ello, al estudiar la optimización 
de estas variables se debió optar por una solución de compromiso para conseguir una 
señal adecuada sin que se produzca la precipitación del terbio. Además, es necesario el 
lavado del microcanal con ácido clorhídrico diluido entre medidas consecutivas con el 
objeto de eliminar trazas de terbio que pudieran quedar retenidas. 
El empleo de un laser como fuente de excitación conlleva una serie de 
peculiaridades técnicas previamente comentadas en la introducción de esta Memoria,  
como son la posibilidad de obtener bajos límites de detección o la capacidad de 
focalización en espacios muy reducidos debido a su coherencia y direccionabilidad. Sin 
embargo, es frecuente que se obtenga una relativamente elevada irreproducibilidad 
en la adquisición de la señal analítica debido a la oscilación del pulso del láser. 
Los límites de detección alcanzados con este método, del orden de µg mL-1, son 
elevados en comparación con otras metodologías que emplean luminiscencia 
sensibilizada de terbio para la determinación de fluoroquinolonas, con límites de 
detección del orden de los ng mL-1 [38-43]. Hay que indicar que se ha utilizado un 
sistema modular diseñado en el laboratorio en el que se han acoplado los distintos 
componentes instrumentales básicos. Los límites de detección podrían mejorarse 
perfeccionando la instrumentación mediante la introducción de microlentes de mayor 
capacidad de focalización. Para disminuir los límites de detección del método se 
incluyó una etapa de preconcentración y separación utilizando extracción en fase 
sólida. Se consiguó un factor de preconcentración de 250, disminuyendo los límites de 
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detección a valores de 3,2, 3,1 y 3,6 ng mL-1 para  ciprofloxacino, enrofloxacino y 
flumequina, respectivamente. 
Comparación de las características de los dos métodos desarrollados para la 
determinación de fluoroquinolonas mediante electroforesis en chip  
Una vez realizada la discusión de los resultados de manera individual de los dos 
métodos electroforéticos en microchip, se comparan entre sí sus características 
analíticas. Para ello, se ha denominado método 1 al que emplea la fluorescencia nativa 
de los analitos para su detección, y  método 2 al que utiliza la luminiscencia 
sensibilizada de terbio.  
Hay que indicar, en primer lugar, que los objetivos de las dos investigaciones 
realizadas fueron distintos. El primer estudio se orientó a conseguir la separación 
electroforética de dos compuestos con estructuras similares mediante un sistema 
miniaturizado. El objetivo del segundo método fue estudiar la utilidad de la 
luminiscencia sensibilizada de tiempo resuelto como sistema de detección en 
electroforesis en microchip usando Tb(III) para la derivatización de los analitos en el 
microcanal. Aunque en este método no se consiguió la separación de norfloxacino y 
ciprofloxacino, como en el primer método, se ha demostrado la utilidad del sistema de 
detección indicado para la cuantificación de tres fluoroquinolonas separadas mediante 
electroforesis en microchip. El estudio realizado requiere mejorar el sistema 
instrumental modular diseñado en el laboratorio para conseguir mejores límites de 
detección, pero se ha puesto de manifiesto la aplicabilidad de un sistema 
miniaturizado para conseguir la separación de estos antibióticos en menos de 4 
minutos. 
 En la Tabla 4 se resumen las características de los dos métodos propuestos, 
donde se muestran los analitos determinados, sus tiempos de migración, intervalos 
lineales de la calibración, límites de detección y la precisión obtenida para dos 
concentraciones de cada analito.   
Como puede observarse, los tiempos de migración de los analitos son similares 
en ambos métodos. La inclusión en el método 2 de una etapa de extracción en fase 
sólida, consiguiendo un factor de preconcentración de 250, ha permitido alcanzar 
límites de detección a niveles de ng mL-1. 
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Tabla 4. Comparación de las características de la separación 
Método Analitos 
determinados 
Tiempo de 
migración 
(min) 
Intervalo lineal  Límite de 
detección 
 
% DER* 
 
A 
 
B 
Método 1 Norfloxacino 
Ciprofloxacino 
2,83 
3,02 
1,10 – 10,0 µg mL-1 
1,67 – 10,0 µg mL-1 
0,33 µg mL-1 
0,50 µg mL-1 
8,40 
6,97 
5,08 
3,23 
  Método 2 Ciprofloxacino 
Enrofloxacino 
Flumequina 
2.83 
3.25 
3.67 
10,6–60,0 ng mL-1 
10,3–51,0 ng mL-1 
12,2–58,8 ng mL-1 
3,2 ng mL-1 
3,1 ng mL-1 
3,6 ng mL-1 
4,43 
2,97 
4,26 
9,90 
5,71 
8,06 
*Concentración de analito próxima al límite de cuantificación (A) y en el centro de la recta de 
calibrado (B) 
  La precisión de ambos métodos es similar, obteniendo desviaciones estándar 
que varían entre el 3,23 y el 8,40 % para el método 1 y entre el 2,97 y el 9,90% para el 
método 2. 
 
 3. Nanopartículas en sistemas microfluídicos 
 Se resumen los aspectos más representativos del trabajo bibliográfico realizado 
sobre la utilidad de la nanotecnología en sistemas microfluídicos para el desarrollo de 
nuevas metodologías, con el fin de mejorar  las características analíticas. 
 El trabajo se ha estructurado atendiendo a la etapa del proceso analítico en la 
que los nanomateriales desarrollan su función: preconcentración, separación, reacción 
y detección. Las conclusiones más relevantes de este estudio se discuten a 
continuación: 
- La naturaleza de los nanomateriales empleados en estas etapas es muy diversa, 
como consecuencia de la amplia disponibilidad actual y la variedad de 
propiedades que pueden utilizarse según la etapa que se pretende mejorar. Así, 
se utilizan  nanopartículas metálicas (tales como de oro, plata y platino), de 
sílice, quantum dots y nanotubos de carbono, entre otros. Además, el 
desarrollo de materiales híbridos y de nuevos procedimientos para la 
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funcionalización de la superficie de los nanomateriales han ampliado su 
aplicabilidad en las metodologías microfluídicas. 
- Se ha demostrado la utilidad de las nanopartículas magnéticas para la 
preconcentración y/o separación de los analitos de la matriz de la muestra 
mediante la aplicación de un campo magnético.  
- La utilización de nanomateriales en electroforesis en microchip ha mejorado 
notablemente las características de esta técnica. Esta afirmación está 
soportada por diversas investigaciones que ponen de manifiesto que los 
nanomateriales aumentan la resolución electroforética cuando de utilizan: 1) 
para modificar la superficie de los microcanales, evitando procesos de 
adsorción de los analitos; 2) como aditivos del medio de separación para 
modificar el EOF y la movilidad electroforética, y 3) como fase estacionaria en 
electrocromatografía en microchip. 
- Aunque el uso de nanomateriales en la etapa de reacción en el proceso 
microfluídico está menos desarrollado, se han descrito algunos ejemplos muy 
interesantes en los que se utilizan sus propiedades como catalizadores y como 
mediadores en procesos de transferencia de electrones. 
- Es de destacar que los nanomateriales se han empleado mayoritariamente en 
la etapa de detección, aprovechando sus excelentes propiedades ópticas y 
electroquímicas. Constituye una investigación especialmente útil ya que está 
orientada básicamente a mejorar la sensibilidad analítica. Los relativamente 
bajos niveles de esta propiedad en los métodos microfluídicos son uno de los 
aspectos más limitantes de estos sistemas miniaturizados. Los nanomateriales 
se han utilizado en la etapa de detección mediante (a) medida directa de la 
propiedad que presenta el nanomaterial, o (b) medida de una propiedad del 
sistema que aumenta en presencia del nanomaterial. 
- También se ha discutido la utilidad de los métodos microfluídicos que usan 
papel como soporte y la incidencia de los nanomateriales en estos sistemas. Su 
aplicabilidad se ha demostrado principalmente en la mejora de la detección 
luminiscente. 
- Finalmente, una conclusión básica de la investigación realizada es la necesidad 
de continuar trabajando en ampliar la aplicabilidad práctica de los métodos 
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microfluídicos. Es de prever que la contribución de la nanotecnología a la 
mejora de las propiedades analíticas de estos métodos influirá positivamente 
en su consolidación y completa implantación en análisis de rutina. 
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 Introduction 
 The discussion of the results obtained throughout this Doctoral Thesis is 
presented in this chapter. The advantages and limitations of the developed 
methodologies are discussed by comparing their features with those of other methods 
previously described. 
The chapter is divided in three sections: 1) gold nanoparticles (AuNPs) in 
conventional flow-systems, 2) microfluidic systems without and with separation and 3) 
nanoparticles in microfluidic systems.  
 
1. Gold nanoparticles in conventional flow systems 
The results obtained from two methodologies developed for the determination 
of thiol compounds are discussed in this section. Both methods involve the automation 
of both the mixture of the reactants and the analytical results. The main aim of this 
study has been the development of new methods in which AuNPs are used as tools to 
improve the analytical properties of the existing methods. The results obtained are 
discussed below: 
Determination of N-acetylcysteine in pharmaceutical samples using AuNPs 
aggregation and light scattering detection. 
Prior to the methodology presented here, other methods have been described 
for the determination of N-acetylcysteine in pharmaceutical preparations. Therein, this 
compound has been determined indirectly by photometry using flow-injection analysis 
[1-4].  Also, a kinetic method employs the initial rate and the increase of the signal at 
fixed-time [5] as analytical parameters. Furthermore, other methods with fluorescent 
[6, 7] and turbidimetric [8] detection, and liquid chromatography with ultraviolet 
detection [9] have been developed. In general, the achieved detection limits in these 
methods are at levels from 0.31 to 80 µmol L-1. 
In this work, the behavior of different thiol compounds in the presence of 
AuNPs has been studied: N-acetylcysteine, cyeteine, homocysteine, glutathione and 
thioglycolic acid, and some derivatives, such as methionine and homocystine. Although 
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the proposed method is not able to distinguish between these compounds, it could be 
applied to the analysis of samples in which only a thiol compound is present, as in the 
determination of N-acetylcysteine in pharmaceutical samples. 
 The interaction of thiol compounds with AuNPs has been previously used for 
analytical purposes using photometric [10] or light scattering detection [11]. Also, a 
method for the determination of cysteine and homocysteine has been described using 
Zonyl fluorosurfactant-capped AuNPs [12]. The method is based on the difference of 
the aggregation kinetics in the presence of these thiols and in the fact that these NPs 
do not form aggregates in the presence of other thiol compunds. The induced 
aggregation of AuNPs has been used as post-column derivatization system in the 
photometric determination of homocysteine, glutathione, cysteinglycine and 
glutamylcysteine in the presence of the surfactant Brij-35 [14]. In addition, a 
fluorimetric method involving the indirect measurement of cysteine concentration, 
which is used as model analyte, has been described by monitoring the release of a 
fluorescent reactive previously attached to the AuNPs [15]. 
 The novelty of the research presented here is the utilization of a stopped-flow 
mixing system for the determination of thiols and other derivatives by the aggregation 
of AuNPs, due to the affinity of the sulfur atom of these compounds for gold, forming 
the Au-S bond. This method employs light-scattering detection and uses the initial rate 
and the increase of the signal at fixed-time as analytical parameters. The high rate 
reached by the flows of the reactants facilitates their interaction and increases 
considerably the speed of the process. As a result, the use of an incubation period to 
obtain the analytical signal is not necessary in this method, which is required in other 
methods based on AuNPs aggregation [10-12]. The initial rate and the increase of the 
signal are measured in only 5 s and 10 s, respectively. The behavior of the system 
justifies the high sampling rate of the method (40 h-1). The detection limits obtained by 
using the initial rate method are smaller than those obtained using the fixed-time 
method, choosing the first one for the analysis of real samples. 
 The study of the system showed that the addition of the cationic surfactant 
CTAB contributes positively to the aggregation of AuNPs, and thus, to the 
improvement of the analytical signal. On the contrary, the addition of an anionic 
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surfactant such as SDS or a neutral surfactant such as Triton X-100 does not modify the 
signal. 
Table 1 (Method 1) shows the detection limits obtained, which range between 
0.52 µmol L-1 for glutathione and 6.12 µmol L-1 for methionine. The detection limit 
obtained for N-acetylcysteine is 0.87 µmol L-1, which is lower than those obtained in 
other methods previously described [1, 4, 8, 9]. Precision values, expressed as relative 
standard deviation (% RSD), were studied at two concentration levels of N-
acetylcysteine, obtaining values of 3.6 and 0.6 % for the initial rate method, and 4.5 
and 2.1 % for the fixed-time method, in zones near to the limit of quantification and 
the center of the calibration graph, respectively. The high sampling rate of the method 
makes it particularly suitable for routine analysis. 
 The method has been successfully applied to the analysis of pharmaceutical 
formulations, matching the results with the nominal values. In addition, the sample 
treatment is very simple because only an adequate dilution for liquid samples, and a 
previous dissolution and filtration for solid effervescent samples are necessary. 
 
 Photometric determination of thioglycolic acid in cosmetics using a flow-
injection system and AuNPs formation 
 The methods described for thioglycolic acid determination in cosmetic samples 
are mainly based on the use of liquid chromatography with photometric [16, 17] or 
electrochemical [18] detection. Also, the direct electrochemical detection of this 
compound using a ceramic carbon composite electrode has been described [19]. 
 The direct determination of thiol compounds using their ability to reduce Au(III) 
to AuNPs is presented for the first time in this study. Although the use of thiol 
compounds for the AuNPs synthesis has been previously described [20-22], it has been 
scarcely utilized until now for determinative purposes. In addition, the time required 
for the synthesis process is much higher than that of the proposed analytical method. 
A flow-injection system with a photometric detector that measures the absorbance of 
the resonance plasmon band, which is proportional to the analyte concentration in the 
sample, is used in this method to automatize the determination. The presence of the 
surfactant Triton X-100 on the system allows the formation of small AuNPs with a 
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homogeneous size distribution. A similar behavior was found in the presence of SDS, 
but the absorbance obtained was lower. On the contrary, CTAB produces a 
bathochromic shift on the plasmon absorption band, which is ascribed to the AuNPs 
aggregation. 
 The proposed method utilizes the reverse-flow modality injecting the reagent 
(HAuCl4) in the carrier stream instead of the sample, in order to minimize the Au(III) 
consumption and, thereby, reduce costs. Also, a non-kinetic stopped-flow modality is 
used to achieve the formation of the AuNPs, which involves the flow stop for 4 
minutes when the reactants reach a thermostatic bath at 90 ºC placed before the 
detector. 
The univariate method was utilized for the optimization of variables, being the 
HAuCl4 concentration and the pH two of the most critical variables of the system. In 
the first case, a high increase of the signal was obtained at concentrations between 
0.01 and 0.015 % (w/v), choosing this last value as optimum. On the other hand, a 
strong decrease of the signal was observed at pH values lower and higher than 4. The 
influence of a micellar medium obtained in the presence of Triton X-100 is of special 
interest on this system. The positive effect of this surfactant is ascribed to the 
interaction of the carboxylic group of thioglycolic acid with the polar part of the 
micelle, allowing the suitable orientation of the thiol group to interact with the Au(III) 
ions.  
The detection limits obtained (Table 1, method 2) range between 1.73 µmol L-1 
for thioglycolic acid and 9.60 µmol L-1 for homocysteine. Although the detection limit 
for thioglycolic acid is higher than those obtained in other methods [18, 19], this 
methodology is adequate for its application to cosmetic analysis without the need of 
preconcentration. The precision of the method was studied at two concentration levels 
of the analyte, obtaining relative standard deviations of 2.3 and 1.5 % in the regions 
near to the limit of quantification and the center of the calibration graph, respectively. 
As in the previous method, this methodology would be suitable for the 
determination of total thiol compounds. Nevertheless, the study of the matrix effect is 
a basic requisite because the presence of other reducing species could give rise to 
positive interferences. Also, the new method is suitable for routine analysis as it 
involves the automation of the whole analytical process. 
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The method was applied to the analysis of four cosmetic samples: two waving 
lotions and two depilatory creams. The results obtained have been compared with the 
official method for thioglycolic determination in cosmetics, which consist on a 
yodimetry, according to the Third Commission Directive 83/514/EEC relating to 
methods of analysis for checking the composition of cosmetic products [23]. 
 
General comparison of the proposed methods for the determination of thiol 
compounds using AuNPs as reagents 
The ultimate aim of the developed methods has been the study of the utility of 
AuNPs as reagents for the determination of thiol compounds. Nevertheless, besides 
the use of different flow systems, it is noteworthy that different properties of both NPs 
and analytes have been used in each method. 
The ability of thiol compounds to produce the aggregation of AuNPs by the Au-
S interaction has been used in the first method, measuring the light scattering 
radiation using a spectrofluorimeter. The second method is based on the reducing 
activity of these analytes to obtain AuNPs “in situ”, allowing the measurement of the 
absorbance of the characteristic resonance plasmon band of these NPs. 
Table 1 shows the detection limits obtained for the thiol compounds using the 
stopped-flow mixing technique (method 1) and the flow-injection system (method 2). 
As can be seen, the values obtained in the method 1 are lower than those obtained in 
the method 2, except for thioglycolic acid. Although glutathione was assayed in both 
methods, the analytical signal obtained in the method 2 was not proportional to the 
concentration of this compound. Regarding the precision of both methods, the values 
were slightly better for the method 1, but they did not differ significantly. 
The sampling rate is much higher in method 1, with a value of 40 h-1 respect to 
9 h-1 in method 2, because the latter requires to stop the flow and to wash the system 
between consecutive measurements. Thus, method 1 is more appropriate for routine 
analysis. 
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Table 1. Comparison of the detection limits (LOD) obtained for the 
determination of thiol compounds 
Analyte LOD (µmol L-1) 
Method 1 Method 2 
N-acetylcysteine 
Cysteine 
Homocysteine 
Glutathione 
Thioglycolic acid 
Methionine 
Homocystine 
0.87 
0.78 
1.33 
0.52 
2.36 
6.12 
0.60 
6.43 
3.20 
9.60 
- 
1.73 
2.95 
4.06 
 
Sample treatment is very simple in both methods, which considerably simplifies 
the analysis. Liquid samples only require an adequate dilution in order to carry out the 
measurement within the linear range of the equation graph, while solid samples are 
easily dissolved in water.  
 
2. Microfluidic systems without and with separation 
As indicated above, the use of microfluidic systems in Analytical Chemistry 
constitutes a relatively recent research area. This section is devoted to discuss the 
characteristics of three methods developed for the determination of antibiotics in 
microfluidic systems. The general aim of this research has been to expand the 
analytical applicability of these systems, taking advantage of the inherent features of 
miniaturization, such as: 
- Low consumption of reagents and sample, with the consequent reduction in 
costs. 
- Reduction in analysis time and increase of sampling frequency. 
- Reduction of analyst handling. 
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Two types of microfluidic devices have been used. One of them acts as a 
reactor in a continuous microflow system and the other is an electrophoretic device. 
The three methods developed involve the use of luminescence detection to obtain the 
analytical signal. 
A limitation of a high percentage of microfluidic systems is their low 
applicability to the analysis of real samples with complex matrices. Two of the three 
methods proposed in this section have been applied to the analysis of water samples, 
but further studies are planned to apply these methods to the analysis of other 
samples with more complex matrices, such as food and clinical samples. 
Another feature of microfluidic methods is the possibility to develop portable 
systems. However, the methodologies proposed do not offer this possibility because, 
to accomplish it, all stages of the analytical process should be performed in the 
microfluidic device to carry out the portability, which is called Micro Total Analysis 
Systems (μ-TAS). The use of additional equipment and instrumentation to complete 
the analytical process limits the widespread development of these systems. 
This Doctoral Thesis shows the following research: (a) A chemiluminescent 
method for the determination of aminoglycosides in water samples using a 
continuous-flow microfluidic device. (b) A separation method of two fluoroquinolones 
by microchip electrophoresis, measuring the native fluorescence of these compounds. 
(c) A separation and determination method of fluoroquinolones in water samples by 
microchip electrophoresis, using Tb(III) as derivatization reagent and time-resolved 
sensitized luminescence as detection system. The results obtained for each method 
are discussed below: 
 
 (a) Determination of aminoglycoside antibiotics in a microfluidic device with 
chemiluminescent detection. 
 A microflow-injection method (µFI) has been developed with the goal of 
integrating reaction and measurement of the analytical signal in a limited space. The 
method is based on the inhibition effect of these antibiotics on the chemiluminescent 
reaction between luminol and hydrogen peroxide, catalyzed by Cu(II) ions (Figure 1). 
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This inhibition is due to a complex formation between copper and the aminoglycoside, 
decreasing the concentration of the free ion on the system.  
 
Figure 1. Inhibitory effect of aminoglycosides on the chemiluminescent reaction between luminol and 
hydrogen peroxide catalyzed by Cu(II) ion. 
 Some inherent characteristics to the chemiluminescent detection are good 
sensitivity and low background noise, this last due to the absence of a radiation 
source. Additionally, because this source is not necessary, the slit of the emission 
monochromator of the instrument can be widened, increasing the signal that reaches 
the detector [24].  
 Although the aminoglycoside separation is not included in the proposed 
method, and thus individual quantification is not allowed, it constitutes an original and 
fast alternative as screening method for the detection of these antibiotics in water 
samples. 
 The distribution of the reagents in the microfluidic system was initially studied. 
After assaying different options, the injection of a mixture of hydrogen peroxide and 
copper was chosen in order to avoid the deposition of the metallic ion on the 
microchannel walls when it was continuously flowing. Then, a study of the inhibitory 
effect of the aminoglycoside was carried out, adding it to each one of the reagents 
separately, in order to obtain the highest net signal in the presence and absence of the 
analyte. A higher inhibition was observed when the aminoglycoside was added to the 
luminol solution. According to this distribution, the concentration ratio between the 
catalyst and the analyte is lower than in the other cases, since the solutions of 
hydrogen peroxide ion and Cu(II) are mixed and diluted prior to reaching the 
microfluidic device. It was also necessary to pass through the microchannel a cleaning 
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solution of diluted nitric acid between consecutive measurements, decreasing the 
sampling rate. 
 The developed methodology was applied to the determination of three 
aminoglycosides, obtaining detection limits of 0.09, 0.28 and 0.24 µmol L-1 for 
neomycin, streptomycin and amikacin, respectively. The presence of four amino sugar 
units in the structure of neomycin gives it a greater capacity for coordination with 
Cu(II) than streptomycin and amikacin, with three amino sugar units, which justifies 
the lower detection limit obtained for the first one. 
 The characteristics of the proposed methodology and those of other FIA and 
HPLC methods previously described for aminoglycoside determination using 
chemiluminescent detection [25-32] are compared in Table 2.  As can be observed for 
amikacin, as an example, although there is a FIA method with a higher detection limit 
[25], in general, the value obtained in the proposed method is higher than in other 
methods. However, sample and reagent consumption is notably reduced due to the 
miniaturization of the system, with the consequent reduction in costs. It should be 
noted that amino acids present a similar behavior than aminoglycosides in this 
chemiluminescent system, affecting negatively to the selectivity of the method. 
(b) Determination of fluoroquinolones by microchip electrophoresis with 
fluorescent detection 
 The proposed method describes for the first time the separation and 
determination of ciprofloxacin and norfloxacin by microchip electrophoresis. These 
fluoroquinolones present very similar chemical structures and acidic constants. Due to 
the native fluorescence of these compounds, with excitation and emission 
wavelengths at 330 nm and 412 nm, respectively, they can be detected without a 
previous derivatization. However, the relative low signal intensity obtained affects 
negatively to the sensitivity. Moreover, the emission intensity of the analytes could be 
modified by the presence of other species present in the sample. 
The separation of ciprofloxacin and norfloxacin by conventional capillary 
electrophoresis has been previously studied; however, the experimental conditions 
described are not suitable for the correct separation in the microchip due to the 
reduced dimensions of the microchannel. Previous studies carried out by micellar 
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electrokinetic chromatography with SDS, or using acetonitrile as additive to the 
background electrolyte, gave unsatisfactory results on microchip electrophoresis. Thus, 
other alternatives to achieve the correct separation of these analytes were studied. 
With this aim, γ-cyclodextrin was assayed as additives to the background electrolyte. 
These molecules are usually employed in enantiomeric separations, although they 
have been used in this instance for the separation of two different compounds with 
similar molecular structures, reaching a good resolution. 
Table 2. Figures of merit of chemiluminescence methods for aminoglycoside 
determination 
Aminoglycosides Method/Chemical system Analytical range 
(μmol  L-1) 
LOD 
(μmol  L-1) 
Applications/Comments Reference 
Amikacin Conventional FIA 
Luminol/H2O2/Cu(II) 
16.9 – 34.2 5.1 Pharmaceutical 
formulations 
[25] 
Amikacin RP-HPLC 
Luminol/H2O2/Cu(II) 
0.3 - 3.4 8.5x10-2 
 
Human plasma and 
urine samples 
Post-column CL reaction 
[26] 
Amikacin 
Streptomycin 
Kanamycin B 
Paromomycin 
Neomycin B 
Strong cation-exchange-HPLC 
Luminol/H2O2/Cu(II)/Triton X-
100 micelles 
4.3x10-3 - 8.5x10-2 
4.3x10-2 - 0.9 
6.2x10-2 - 1.5 
4.9x10-3 - 0.1 
5.5x10-3 - 0.1 
1.2x10-3 
1.2x10-2 
2.1x10-2 
1.4x10-3 
1.6x10-3 
Water samples. 
Sample 
preconcentration  using 
SPE and post-column CL 
reaction  
[27] 
Amikacin Conventional FI 
Luminol/diperiodatoargentate 
(III) (DPA) 
5.1 x 10-2 - 5.1 1.9 x 10-2 Serum samples 
DPA was freshly 
prepared using AgNO3, 
NaIO4, K2S2O8 and KOH 
[28] 
Streptomycin Conventional FI 
Luminol/KIO4/Mn(II) 
10-2 – 1.7 5.2 x 10-3 Milk samples [29] 
Gentamicin Conventional FI 
Luminol/NaClO 
2.1 - 8.4 
 
5x10-2 Pharmaceutical 
formulations 
[30] 
Gentamicin Conventional FI 
TCPO/H2O2/Imidazole/SDS 
micelles 
8.2 - 62.8 
 
2.5 Pharmaceutical 
formulations 
A previously formed 
gentamicin-OPA-NAC 
derivative participates in 
the CL reaction 
[31] 
Gentamicin Conventional FI 
Electrogenerated 
Co(III)/H2SO4 
2x10-2 - 168 10-2 Pharmaceutical 
formulations  
Direct CL reaction of 
gentamicin and Co(III)  
[33] 
Neomycin 
Streptomycin 
Amikacin 
µFI 
Luminol/H2O2/Cu(II)  
0.3 – 3.3 
0.9 - 13.7 
0.8 - 8.5 
9x10-2 
0.28 
0.24 
Water samples This work 
TCPO: bis(2,4,6-trichlorophenyl)oxalate; OPA: o-Phthaldehyde; NAC: n-Acetylcysteine 
 
 Hydroxypropylmethylcellulose (HPMC) was also utilized as non-permanent 
coating of the internal wall of the microchannel. This coating significantly decreases 
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the electroosmotic flow, so that the separation is almost due exclusively to the 
electrophoretic mobility of the analytes. HPMC is an unstable and ineffective polymer 
at pH values higher than 7, but its use was suitable in this study because the 
electrophoresis is developed at pH of 4.5. This option avoids permanent coatings by 
covalent binding on the wall of the microchannel, which would require additional time 
and effort. 
 Table 3 shows different methodologies described for the electrophoretic 
separation of fluoroquinolones, which included ciprofloxacin and norfloxacin. The 
features of these methods are compared with those of the microchip electrophoresis 
method proposed in this study. As can be seen, the detection limits of the new method 
are, in general, higher than those obtained in other methodologies although the 
analysis time is shorter, allowing the increase of the sample throughput. Furthermore, 
because detection is carried out by measuring the native fluorescence of 
fluoroquinolones, derivatization steps are avoided, which simplified the method. 
 
(c) Time-resolved terbium sensitized luminescence as detection system in 
microchip electrophoresis. Determination of fluoroquinolones 
 The analytical usefulness of time-resolved terbium sensitized luminescence as 
detection system in microchip electrophoresis has been studied for the first time. The 
study has been applied to the determination of three fluoroquinolones, ciprofloxacin, 
enrofloxacin and flumequine, which were chosen as model analytes. The derivatization 
is based on the formation of soluble and stable chelates of the analytes with Tb(III). 
Figure 2 shows a scheme of the energy transfer process in which terbium sensitized 
luminescence is based. The organic ligand absorbs energy leading to an excited singlet 
state (S1). Next, it goes over an exited triplet state (T1) and transfers the energy to the 
Tb(III) ion, which is excited to a resonance level and finally emits a characteristic 
radiation. This luminescent technique is characterized by its spectral selectivity which 
is ascribed to its narrow emission band, with maximum wavelengths longer than those 
shown by fluorescent species existing in the sample matrix, which usually emit at lower 
wavelengths. 
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Table 3.  Examples of methodologies described for the determination of fluoroquinolones by capillary electrophoresis.  
 
Fluoroquinolones Experimental conditions Detection system Lineal range 
(µg mL
-1
) 
Detection limit  
(µg mL
-1
) 
Analysis time 
(min) 
Applications/Comment Reference 
Norfloxacin 
Ciprofloxacin 
Buffer 25 mmol L
-1
 + luminol 
0,75 mmol L
-1
, pH= 6,0 
Chemiluminescence 0,019 – 6,38 
 
1,7 x 10
-4 
– 0,40  
9,2 x 10 
-5  
3,3 x 10 
-7 
 
4,5 Urine/Luminol- H2O2 reaction  [33] 
Ofloxacin 
Ciprofloxacin 
Danofloxacin 
Enrofloxacin 
Norfloxacin 
Carbonate buffer 25 mmol L
-
1
 + SDS 100 mmol L
-1
, pH= 
9,2 
LIF 1 – 5 in all cases 0,1 in all cases 12 - [34] 
Norfloxacin 
Ciprofloxacin 
Ofloxacin 
Borate-phosphate buffer 70 
mmol L
-1
, pH= 8,5 
Chemiluminescence 0,031 – 31,93 
 
0,17 – 165,67  
0,036 – 36,14  
0,016 
0,23 
0,028  
13,3 Urine  
- 
Eyedrops/Ce(SO4)2-Ru(bpy)3
2+
-
HNO3 reaction 
[35] 
Moxifloxacin 
Lomefloxacin 
Norfloxacin 
Ciprofloxacin 
Ofloxacin 
Enrofloxacin 
Oxolinic acid 
Flumequine 
Fleroxacin 
Phosphate buffer 50 mmol L
-
1
 (pH= 7,55) - acetonitrile 
(60:40, v/v) 
Fluorescence 
 
0,002 – 5  
0,01 – 5  
0,015 – 5  
0,02 – 5  
0,01 – 5  
0,15 – 5  
0,03 – 5  
0,1 – 5  
0,0075 – 5  
7 x 10
-4
  
0,0035  
0,006  
0,0075  
0,0035  
0,006  
0,011  
0,03  
0,0025  
23 Blood and wáter [36] 
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Tabla 3. Continuation. 
 
Fluoroquinolones Experimental conditions Detection system Lineal range  
(µg mL
-1
) 
Detention limit  
(µg mL
-1
) 
Analysis time 
 (min) 
Applications/Comments Reference 
Ofloxacin 
Norfloxacin 
Gatifloxacin 
Ciprofloxacin 
Enoxacin 
Pazufloxacin 
Tosufloxacin 
Enrofloxacin 
Borate buffer (pH= 7,1) + 
SDS 1,7 % (v/v) + [BMIM]PF6 
1,5 % (v/v) 
Fotometry - - 15 - [37] 
Norfloxacin 
Ciprofloxacin 
Phosphate buffer (pH= 4,5) 
+ γ-CD 30 mmol L
-1
. Channel 
coating with HPMC 0,05 % 
(m/v) 
Fluorescence 1,10 – 10
 
1,67 – 10 
0,33
 
0,50 
3 - This work 
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Figure 2. Energy transfer mechanism of terbium sensitized luminescence. 
 
Because of the different processes occurring in the excited state, lanthanide 
chelates are characterized by longer luminescence time than other fluorophores, 
which allows the use of the time-resolved modality to improve the temporal 
selectivity. The oscilloscope used in this study is able to discriminate the differences 
between the lifetime of the terbium-fluoroquinolone chelate and those of the laser 
pulse and other fluorescent interferences. A widening on the signal of the oscilloscope 
is obtained when the analytes go through the detection zone. The difference between 
the terbium emission and the laser pulse bandwidths has been used as analytical 
parameter to obtain the electropherogram and to carry out analyte quantification. 
 The study has been performed adding terbium to the electrophoretic buffer, 
which achieves the formation of the luminescent chelates along the microchannel. This 
option avoids the design of electrophoretic chips containing an additional 
derivatization microchannel placed after the separation, allowing the use of 
commercial chips. The electroosmotic flow and the electrophoretic mobility of the 
analytes are affected by the Tb(III) ion concentration, lengthtening the migration time 
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and decreasing the signal intensity with its concentration. However, the adequate 
resolution of the peaks cannot be obtained at a low Tb(III) concentration. On the other 
hand, the migration time of fluoroquinolones increases with the pH increase, in 
contrast to the expected behavior on electrophoretic glass chip with non-coated 
microchannels. This fact can be ascribed to the precipitation of terbium at pH next to 
7, so that pH values closed to the precipitation equilibrium modify the composition of 
the electrophoretic buffer. 
 Terbium precipitation on the microchannel is also produced when a high 
voltage or a non-adequate buffer are used. Therefore, a compromise solution was 
adopted when the variables were optimized, in order to get an adequate signal 
without causing precipitation of the lanthanide. Moreover, it is necessary to clean the 
microchannel with diluted hydrochloric acid between consecutive measurements to 
remove traces of terbium which could be retained.  
The use of a laser as excitation source entails some technical peculiarities 
previously commented in the Introduction of this Thesis, such as the possibility to 
obtain low detection limits or the ability to focalization in limited spaces, due to its 
coherence and directionality. However, it is frequent to obtain a relatively high 
irreproducibility on the acquisition of the analytical signal owing to the variation of the 
laser pulse. 
The detection limits obtained with this method, around µg mL-1, are higher than 
those obtained with other methodologies based on the use of terbium sensitized 
luminescence for the determination of fluoroquinolones, which achieve detection 
limits around ng mL-1 [38-43]. It should be pointed out that a modular system designed 
in the laboratory has been used, in which the different basic instrumental components 
have been coupled. Detection limits could be improved refining the instrumentation by 
introducing more efficient microlenses. In order to decrease the detection limits of the 
method, a preconcentration and separation step using solid-phase extraction was 
included. A preconcentration factor of 250 was achieved, decreasing the detection 
limits to 3.2, 3.1 and 3.6 ng mL-1 for ciprofloxacin, enrofloxacin and flumequine, 
respectively.  
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Comparison of the characteristics of the two methods developed for the 
determination of fluoroquinolones by microchip electrophoresis 
 After the discussion of the results of the two microchip electrophoretic 
methods individually, their analytical features are compared. To that end, the 
microchip electrophoresis method with native fluorescence detection will be named 
method 1 and that involving terbium sensitized luminescence detection will be named 
method 2. 
 It should be noted that the aim of the research carried out to develop each 
method was different. The first study was guided to the electrophoretic separation of 
two compounds with similar structures in a miniaturized system. The aim of the 
second method has been the study of the usefulness of time-resolved sensitized 
luminescence as detection system in microchip electrophoresis using Tb(III) for the 
derivatization of the analytes on the microchannel. Although the separation of 
norfloxacin and ciprofloxacin was not achieved in this last method, unlike the first one, 
the utility of the indicated detection system for the quantification of three 
fluoroquinolones separated by microchip electrophoresis has been demonstrated. As 
indicated above, the improvement of the instrumental modular system designed on 
the laboratory should be necessary to achieve better detection limits. However, the 
usefulness of the miniaturized system to separate these antibiotics in less than 4 
minutes has been shown. 
 Table 4 summarizes the main characteristics of the proposed methods 
including analytes, migration times, linear ranges, detection limits and precision at two 
analyte concentration levels, near the quantification limit and at the center of the 
calibration graph.  
As can be seen, the migration times of the analytes are similar in both methods. 
The inclusion of a solid-phase extraction step in method 2, with a preconcentration 
factor of 250, decreases the detection limits at levels of ng mL-1.  
The precision is similar in both methods, with relative standard deviations 
between 3.23 and 8.40 % in method 1, and between 2.97 and 9.90 % in method 2. 
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Table 4. Comparison of the characteristics of the separation of 
fluoroquinolones by microchip electrophoresis 
Method Analytes 
determined 
Migration 
time (min) 
Linear range Detection 
limit 
% RSD* 
 
A 
 
B 
Method 1 Norfloxacin 
Ciprofloxacin 
2,83 
3,02 
1,10 – 10,0 µg mL-1 
1,67 – 10,0 µg mL-1 
0,33 µg mL-1 
0,50 µg mL-1 
8,40 
6,97 
5,08 
3,23 
  Method 2 Ciprofloxacin 
Enrofloxacin 
Flumequine 
2.83 
3.25 
3.67 
10,6–60,0 ng mL-1 
10,3–51,0 ng mL-1 
12,2–58,8 ng mL-1 
3,2 ng mL-1 
3,1 ng mL-1 
3,6 ng mL-1 
4,43 
2,97 
4,26 
9,90 
5,71 
8,06 
*Analyte concentration near the quantification limit  (A) and at the center of the calibration 
graph (B) 
 
 3. Nanoparticles in microfluidic systems 
 The most representative aspects of the bibliographic study carried out about 
the utility of nanotechnology in microfluidic systems for the development of new 
methodologies, with the aim of the improvement of the analytical characteristics, are 
summarized. 
 This study has been structured according to the stage of the analytical process 
in which nanomaterials develop their function: preconcentration, separation, reaction 
and detection. The most relevant conclusions of this study are discussed below: 
- The nature of the nanomaterials used in these stages is very diverse, reflecting 
the wide availability and the variety of properties that can be used depending 
on the stage which aims to improve. Thus, metal nanoparticles (such as gold, 
silver and platinum), silica nanoparticles, quantum dots and carbon nanotubes, 
among others, are used. In addition, the development of hybrid materials and 
new proceedings for nanomaterial surface functionalization have extented 
their applicability in microfluidic methodologies. 
- The utility of magnetic nanoparticles for analyte preconcentration and/or 
separation from the sample matrix by a magnetic field has been demonstrated. 
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- The use of nanomateriales in microchip electrophoresis has notably improved 
the analytical characteristics of this technique. This statement is supported by 
various studies showing that nanomaterials increase the electrophoretic 
resolution when they are used: 1) to modify the surface of microchannels, 
avoiding analyte adsorption processes; 2) as additives of the separation media 
to modify the electroosmotic flow and the electrophoretic mobility, and 3) as 
stationary phase in microchip electrochromatography. 
- Although the use of nanomaterials in the reaction stage on the microfluidic 
device is less developed, some very interesting examples have been described, 
in which their catalytic and electron transfer mediator properties are used. 
- It is worth noting that nanomaterials have been mainly used on the detection 
stage, taking advantage of their excellent optical and electrochemical 
properties. This research is especially useful because it is basically guided to 
improve the analytical sensitivity. The relative poor levels of its property in 
microfluidic methods are one of the most limiting aspects in these miniaturized 
systems. Nanomaterials have been used in the detection stage by (a) direct 
measurement of the property of the nanomaterial, or (b) measurement of a 
property of the system that increases in the presence of the nanomaterial. 
- The utility of microfluidic methods that use paper as support and the incidence 
of nanomaterials in these systems have also been discussed. Their applicability 
has been mainly demonstrated in the improvement of the luminescent 
detection. 
- Finally, a basic conclusion of the research carried out is the need to continue 
working to increase the practical applicability of the microfluidic methods. It is 
expected that the contribution of nanotechnology to improve the analytical 
properties of these methods will positively influence on their consolidation and 
complete implementation in routine analysis. 
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CONCLUSIONES 
 
En la Memoria presentada se han propuesto diversas metodologías analíticas 
dinámicas, sin y con separación, mediante el empleo de nanomateriales y de sistemas 
microfluídicos. A continuación se resumen las principales conclusiones del trabajo 
realizado: 
1. Se ha demostrado la utilidad de las nanopartículas de oro como reactivos 
analíticos alternativos a otros reactivos convencionales para la determinación 
de compuestos tiólicos. 
a. Se ha desarrollado un método para la determinación cinética de estos 
compuestos utilizando un sistema de mezcla de flujo detenido y 
nanopartículas de oro. La radiación dispersada producida por la 
agregación de estas nanopartículas en presencia de los analitos y del 
surfactante catiónico CTAB se ha usado para la cuantificación. El 
método propuesto evita la etapa de incubación requerida en las 
metodologías desarrolladas en el equilibrio, permitiendo la obtención 
de resultados analíticos en pocos segundos. El método se aplicó a la 
determinación de N-acetilcisteína en preparaciones farmacéuticas. 
b. Se ha estudiado la capacidad de diversos tioles para sintetizar 
nanopartículas de oro, debido a su carácter reductor, y la utilización de 
este proceso con fines analíticos. El estudio realizado se ha aplicado a la 
determinación de estos compuestos utilizando el análisis por inyección 
en flujo en modo invertido y en su modalidad de flujo detenido no 
cinético, en presencia del surfactante Tritón X-100. El método se ha 
aplicado a la determinación de ácido tioglicólico en cosméticos y los 
resultados se han validado comparándolos con los obtenidos mediante 
un método oficial. 
 
2. Se ha investigado la utilidad de sistemas microfluídicos para el desarrollo de 
nuevas metodologías determinativas miniaturizadas con el fin de mejorar la 
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rapidez del análisis y disminuir el consumo de reactivos y muestras, con la 
consecuente reducción de costes. 
a. Se ha descrito un procedimiento para la determinación de antibióticos 
aminoglucósidos utilizando un dispositivo microfluídico como 
microsistema de inyección en flujo. La determinación se basa en la 
inhibición que originan estos compuestos en la quimioluminiscencia 
producida en la reacción entre el luminol y el peróxido de hidrógeno 
catalizada por Cu(II), debido a la formación de un complejo ión 
metálico-analito. El método se ha aplicado a la determinación de 
neomicina en muestras de agua. 
b. Se ha demostrado la utilidad de la electroforesis en microchip para la 
separación de las fluoroquinolonas norfloxacino y ciprofloxacino y su 
cuantificación mediante medida de la fluorescencia nativa de estos 
compuestos. 
c. Se ha propuesto la utilización de la luminiscencia de tiempo resuelto 
sensibilizada con terbio como sistema de detección en electroforesis en 
microchip.  El estudio se ha aplicado a la separación y cuantificación de 
las fluoroquinolonas ciprofloxacino, enrofloxacino y flumequina 
realizando la derivatización en el capilar. La inclusión de una etapa de 
extracción en fase sólida ha permitido mejorar la selectividad y 
sensibilidad de este método.  
 
3. Además del trabajo experimental desarrollado, se ha realizado una amplia 
revisión bibliográfica sobre la utilidad de la nanotecnología en sistemas 
microfluídicos. Puede deducirse de la investigación desarrollada que el uso de 
diversos nanomateriales mejora las distintas etapas del proceso analítico, 
incidiendo positivamente en los niveles de selectividad y sensibilidad de estos 
métodos miniaturizados. 
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CONCLUSIONS 
 
Several dynamic analytical methodologies, without and with separation, using 
nanomaterials and microfluidic systems, have been proposed in this Doctoral Thesis. 
The main conclusions of the performed research are summarized below: 
1) The usefulness of gold nanoparticles as alternative analytical reagents to other 
conventional ones for the determination of thiol compounds has been 
demonstrated.  
a) A method for the kinetic determination of these compounds has been 
developed using a stopped-flow mixing system and gold nanoparticles. The 
scattered radiation produced by the aggregation of these nanoparticles in the 
presence of the analytes and the cationic surfactant CTAB has been utilized for 
quantification. The proposed method avoids the incubation step required on 
the methodologies developed in equilibrium, obtaining analytical results in a 
few seconds. The method was applied to the determination of N-acetylcysteine 
in pharmaceutical formulations.  
b) The ability of different thiols to synthesize gold nanoparticles due to their 
reducing power and the use of this process for analytical purposes have been 
studied. This study has given rise to a method for the determination of these 
compounds using a reverse-flow injection analysis on its non-kinetic stopped-
flow modality, in the presence of the surfactant Triton X-100. The method has 
been applied to the determination of thioglycolic acid in cosmetics and the 
results have been validated doing comparisons with those obtained by an 
official method. 
 
2) The usefulness of microfluidic systems for the development of new miniaturized 
and determinative methodologies has been studied in order to improve the speed 
of the analysis and reduce the reagents and sample consumption, with the 
consequent reduction of costs.  
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a) A procedure for the determination of aminoglycoside antibiotics using a 
microfluidic device as microflow-injection system has been described. The 
determination is based on the inhibition originated by these compounds on the 
chemiluminescence reaction between luminol and hydrogen peroxide, 
catalyzed by Cu(II), due to the formation of a metal ion-analyte complex. The 
method has been applied to the determination of neomycin in water samples.  
b) The usefulness of microchip electrophoresis for the separation of the 
fluoroquinolones norfloxacin and ciprofloxacin, using the measurement of their 
native fluorescence for their quantification, has been shown. 
c) The use of time-resolved terbium sensitized luminescence as detection system 
in microchip electrophoresis has been proposed. The study has been applied to 
the separation and quantification of the fluoroquinolones ciprofloxacin, 
enrofloxacin and flumequine using on-capillary derivatization with terbium. The 
inclusion of a solid-phase extraction step allows the improvement of the 
selectivity and sensitivity of this method. 
 
3) Besides the experimental work developed, a wide bibliographic study about the 
usefulness of nanotechnology in microfluidic systems has been performed. This 
research has shown that the use of different nanomaterials improves the different 
steps of the analytical process, positively affecting the selectivity and sensitivity 
levels of these miniaturized systems.  
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Abstract The effect of thiol compounds on the kinetics of
the aggregation of gold nanoparticles in the presence of the
cationic surfactant cetyltrimethyl ammonium bromide has
been studied. It was applied to the determination of N-
acetylcysteine using the stopped-flow mixing technique
along with light scattering detection. The signal obtained
was measured after about 5 s, and gave the analytical
information for a calibration graph in the concentration
range from 2.9 to 60 μmol L−1 of N-acetylcysteine, and a
detection limit of 0.87 μmol L−1. The effect of other thiols
on the system is also described. The relative standard
deviation ranges between 0.6% and 3.5%. The method was
applied to the determination of N-acetylcysteine in several
pharmaceutical samples with recoveries that range from
97.7% to 101.1%.
Keywords Gold nanoparticles . Kinetic . Light-scattering .
N-acetylcysteine . Pharmaceutical preparations
Introduction
Among the different nanoparticles described as labels or
nanoscaffolds in recent analytical methods, gold nano-
particles (AuNPs) are probably the most widely used. The
special optical and electrochemical properties of these NPs
have been explored in numerous assays using a variety of
detection systems: photometry, fluorimetry, Rayleigh and
Raman scattering, surface-plasmon resonance, potentiometry,
amperometry, conductimetry, stripping voltammetry and
quartz-crystal microbalance [1]. Some photometric methods
are based on the bright color of AuNPs, which is due to the
presence of a plasmon-absorption band that is not present in
the spectrum of the bulk metal. This band appears at
520–530 nm and it is a result of the resonance of the
incident photon frequency with the collective excitation of
the conductive electrons of the particle. The aggregation of
AuNPs, which gives rise to a bathochromic shift of the
plasmon-absorption band, has been used for the photometric
detection of biomolecular interactions, such as the detection
of enzyme inhibitors. For instance, endonuclease activity has
been measured using two separate batches of AuNPs
functionalized with two different thiol-modified oligonucle-
otide strands, which are complementary to each other [2].
The hybridization of both strands gives rise to the red-shift of
the plasmon absorption band due to the formation of AuNP
aggregates but, as the enzyme degrades the DNA-duplex
interconnects, the AuNPs are released and the red color is
regenerated. Thus, this system allows the screening of
endonuclease inhibitors since they hinder the enzyme
activity. Other analytical applications of AuNPs involve
their use for the development of very sensitive nano-based
sensors [3].
The strong affinity of thiol compounds (Fig. 1) toward
AuNPs, which has been ascribed to the formation of a
covalent bond Au-S [4], has found several analytical
applications. Total thiols in human plasma have been
recently determined by a fluorimetric method based on the
use of a near-infrared fluorescent (NIR) dye and AuNPs [5].
In the absence of thiols, the NIR dye displays weak
emission on the surface of the NPs, due to an efficient
fluorescence quenching process. However, in the presence
of thiols, the NIR dye is desorbed from the surface of the
AuNPs, because the strong Au-S bonding interaction. A
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The positive effect of thiol compounds as reducing agents in the synthesis of gold nanoparticles in the
presence of a micellar medium of Triton X-100 has been photometrically studied using a reverse ﬂow-
injection system which operates in the stopped-ﬂow mode (SF-rFIA). The analytical usefulness of this new
system has been assessed by its application to the determination of thioglycolic acid (TGA), which was chosen
as the analyte model. The dynamic range of the calibration graph was 5.97–80 μmol L−1, and the detection
limit was 1.73 μmol L−1. The behaviour of other thiol compounds on the system has been also studied. The
precision of the method, expressed as relative standard deviation, ranged between 1.5 and 2.3%. The method
was applied to the determination of TGA in several cosmetic samples with acceptable recoveries in all
instances, which ranged between 90.32 and 101.46%.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
A general trend in the development of new analytical methods is
the use of nanomaterials as alternative reagents to conventional
organic ones, due to their special properties that are not shown by the
bulk material. Among the different nanomaterials described for this
purpose, gold nanoparticles (AuNPs) are probably the most widely
used [1]. The optical and electrochemical properties of these NPs have
been widely explored in a large number of photometric, ﬂuorimetric,
scattering, surface plasmon resonance, potentiometric, amperometric
and voltammetric methods, among others. Photometric methods are
usually based on the bright colour of AuNPs, which is due to the
presence of a plasmon-absorption band that appears at 520–560 nm
and is not present in the spectrum of the bulk metal. This band is a
result of the resonance of the incident photon frequency with the
collective excitation of the conductive electrons of the particle.
The formation of AuNPs is generally carried out by reducing
tetrachloroauric acid with a suitable reagent such as citrate [2],
ascorbic acid [2,3], cysteine [4] or sodium borohydride [5]. The
appropriate selection of the different experimental variables such as
pH and concentration of reducing reagent allows the control of the
size and shape of the NPs obtained. When cysteine is used, it may
undergo dimerization to form cystine via the oxidation of two thiol
groups, which chemically adsorb on the surface of the AuNPs,
allowing their stabilization [4]. The synthesis was carried out by
mixing cysteine and tetrachloroauric acid and the solution was left
undisturbed at room temperature for 6 h. UV-photoactivation for the
reduction of tetrachloroauric acid in the presence of the surfactant
Triton X-100 (TX-100) has been also described to obtain AuNPs [6] or
AuSe nanoalloys [7]. In these instances, TX-100 acts as both a reducing
agent and a stabilizer.
Although most methods for the synthesis of AuNPs involve the use
of batch formats, there are some examples of the use of ﬂow systems
for this purpose [3,5,8]. For instance, a continuous method involving
the use of a helical quartz coil, UV irradiation, and citric acid and poly
(vinylpyrrolidone) (PVP) as photosensitive and protector agents,
respectively, has been proposed [8]. The shape and size of the NPs
obtained were very dependent on the experimental conditions, such
as the ﬂow rate and the PVP concentration.
In the present work, the synthesis of AuNPs and the direct
measurement of the absorbance of the resonance plasmon band have
been used for the ﬁrst time to develop a ﬂow-injection (FI) method for
the determination of thiols and related compounds. The method is
based on the capability of these compounds to reduce tetrachloroauric
acid in the presence of a TX-100 micellar medium. The ﬂow system
operated in a reverse stopped-ﬂow mode, involving the injection of
the reagent to minimize its consumption, and the stop of the system
to allow the formation of the NPs. The usefulness of the proposed
method has been shown by its application to the determination of
thioglycolic acid (TGA), also named mercaptoacetic acid, in cosmetic
samples. TGA and its calcium, ammonium and sodium salts are widely
used in permanentwaving and depilatory products as reducing agents
on the hair keratin ﬁbers, giving rise to the disconnection of the –SS-
groups. This reduction mechanism has been studied using FT-Raman
spectroscopy [9]. TGA is also used in several industrial applications
such as the synthesis of polyvinylchloride stabilizers, as a corrosion
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Abstract We describe an on-chip microflow injection (μFI)
approach for the determination of aminoglycoside antibiot-
ics using chemiluminescence (CL) detection. The method is
based on the inhibition of the Cu(II)-catalyzed CL reaction
of luminol and hydrogen peroxide by the aminoglycosides
due to the formation of a complex between the antibiotic
and Cu(II). The main features of the method include small
sample volumes and a fast response. Syringe pumps were
used to insert the sample and the reagents into the micro-
fluidic device. CL was collected using a fiber optic bundle
connected to a luminescence detector. All instrumental,
hydrodynamic and chemical variables involved in the sys-
tem were optimized using neomycin as the aminoglycoside
model. Inhibition is proportional to the concentration of the
antibiotics. The dynamic ranges of the calibration graphs
obtained for neomycin, streptomycin and amikacin are 0.3–
3.3, 0.9–13.7, and 0.8–8.5 μmol L−1, and the detection
limits are 0.09, 0.28 and 0.24 μmol L−1, respectively. The
precision of the methods, expressed as relative standard devi-
ation, is in the range from 0.8 to 5.0 %. The method was
successfully applied to the determination of neomycin in
water samples, with recoveries ranging from 80 to 120 %.
Keywords Microfluidics . Flow-injection .
Aminoglycosideantibiotics .Chemiluminescencedetection .
Water samples
Introduction
The development of analytical methods involving the use of
microfluidic devices is an interesting research trend due to
the special features of these miniaturized systems, such as
low reagent and sample consumptions, simple manipulation,
low analysis time and portability. The integration of separa-
tion, reaction and detection in microfluidic chips, which is
known as micro total analysis system (μ-TAS) or “lab-on-a-
chip” system, is a general objective in the development of
miniaturized methods, although it still requires the improve-
ment of component integration for its consolidation and
easy application to the analysis of real samples. However,
several applications of microfluidic systems for food [1] and
environmental [2] analysis have been recently described.
The use of microchips for electrophoretical separations
(μCE) has been extensively studied in recent years, achiev-
ing very fast separations, at the level of seconds, with high
efficiencies [3–6]. On the contrary, the development of
liquid chromatography on microchips (μLC) is having a
slower development, which is ascribed to the need of over-
coming some technical limitations for the miniaturization of
instrumental components, such as valves and pumps. In
spite of these limitations, several μLC separations have been
recently described [7].
Another interesting application area of microfluidic devi-
ces involves the development of microflow injection (μFI)
systems, which allow the miniaturization of automatic ana-
lytical methods by integrating the reaction and the analytical
measurements in a limited space. Optical detection is usu-
ally used in these systems due to its non invasive nature,
rapid response and relatively easy coupling [8]. Absorbance
and fluorescence detection have been used in some of these
μFI systems. However, chemiluminescence (CL) detection
is usually preferred owing to its inherent high sensitivity,
low background noise and absence of excitation or stray
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PHOTOMETRIC DETERMINATION OF THIOGLYCOLIC ACID IN 
COSMETICS BY USING A STOPPED-FLOW REVERSE FLOW-INJECTION 
SYSTEM AND THE FORMATION OF GOLD NANOPARTICLES  
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The positive effect of thiol compounds as reducing agents in the synthesis of gold nanoparticles 
(AuNPs) in the presence of a micellar medium of Triton X-100 (TX-100) has been 
photometrically studied using a reverse flow-injection system which operates in the stopped-
flow mode (SF-rFIA) (Figure A). The reaction of synthesis consists on the injection of 
tetrachloroauric acid (HAuCl4) in a mixture of the thiol and the surfactant. The reaction plug is 
stopped in a thermostatic bath at 90 ºC during 4 minutes and then is translated to the 
photometer where the signal is measured at λ=540 nm. The analytical usefulness of this new 
system has been assessed by its application to the determination of thioglycolic acid (TGA), 
which was chosen as analyte model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures B and C depict the TEM images obtained for the mixture of HAuCl4 and TGA in the 
absence and in the presence of TX-100 respectively. Figure B shows the formation of irregular 
polyhedral metallic clusters with a wide range of sizes, estimated between 60 and 300 nm. 
However the TEM image obtained in the presence of TGA and TX-100 shows the formation of 
spherical AuNPs with sizes in the range 10–40 nm. 
 
The formation of AuNPs increases in a linear mode with the concentration of TGA. The dynamic 
range of the calibration graph was 5.97 - 80 µmol L-1, and the detection limit was 1.73 µmol L-1. 
Other thiol compounds (cysteine, N-acetylcysteine and homocysteine) and related compounds 
(methionine and homocystine) gave similar results, but gluthatione did not give any signal. The 
precision of the method, expressed as relative standard deviation, ranged between 1.5 and 2.3 
%. The method was applied to the determination of TGA in several cosmetic samples with 
acceptable recoveries in all instances, which ranged between 90.32 and 101.46 %. 
(A) 
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Chemiluminescence determination of amino acids and aminoglycoside antibiotics 
using an on-chip µ-fluidic device 
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Microfluidic devices have become of interest due to their special features such as low reagent and sample 
consumptions, simple manipulations, low analysis time and suitability for miniaturized systems [1]. 
Chemiluminescence (CL) is a highly sensitive detection approach, characterized by simple optical 
systems and extremely low background noise. These features have given rise to the development of 
several on-chip analytical systems with CL detection [2]. A new on-chip µ-flow injection (µFI) approach 
for the determination of amino acids and aminoglycoside antibiotics using CL detection is described. 
 
The method is based on the inhibition of the CL emission occurred from the reaction between luminol (3-
aminophthalhydrazide) and H2O2, catalyzed by Cu(II). This CL depletion was caused by the presence of 
amino acids or aminoglycoside antibiotics, which form complexes with the Cu(II) decreasing the catalytic 
effect [3]. The degree of CL suppression was proportional to the analyte concentration. The optimal 
conditions for the indirect CL detection were determined with regard to chemical, physical and 
hydrodynamical variables. The delivery of sample and reagents are driven flow-through the microfluidic 
device using syringes pump as convenience. The CL emission was collected using an X-Y-Z focused 
fibre optic bundler connected to a luminescence detector.  
 
The analytical usefulness of the 
system has been assessed by its 
application to the determination 
of cysteine (cys) which was 
chosen as analyte model. The 
dynamic range of the calibration 
graph was 0.88 – 16.51 µmol L-1, 
for cysteine with a detection limit 
of 0.26 µmol L-1. The precision of 
the method, expressed as relative 
standard deviation (RSD) was 
0.20 %. The features of the 
method for monitoring 
aminoglycosides (i.e. neomycin 
and amikacyn) on the system 
have been also studied, showing 
the following dynamic ranges of the calibration graphs, limits of detection (LOD) and precision data: 0.32 
– 3.30 µmol L-1 (LOD of 0.01 µmol L-1, RSD of 0.05 %) for neomicyn and 0.82 – 8.50 µmol L-1 (LOD 
of 0.24 µmol L-1, RSD of 0.15 %) for amikacyn.  
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References: [1] G.M.  Whitesides., Nature, 442 (2006) 368. [2] B. Kuswandi, et al., Anal. Chim. Acta,  601 (2007) 141. [3] 
S.Y. Liao, et al.,  J. Chromatogr. A,  736 (1996) 247. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Córdoba, 7 y 8 de Febrero 2013 
  NANOUCO IV 
Encuentro sobre Nanociencia y Nanotecnología  
de Investigadores y Tecnólogos Andaluces 
LIBRO DE RESÚMENES 
~ 29 ~ 
 
O5-CFQ 
 
NANOMATERIALES EN SISTEMAS MICROFLUÍDICOS PARA EL 
DESARROLLO DE METODOLOGÍAS ANALÍTICAS DE RESPUESTA 
RÁPIDA 
 
Marina Sierra-Rodero, Juan Manuel Fernández-Romero, Agustina Gómez-Hens 
Departamento de Química Analítica. Anexo Edificio “Marie Curie”, Campus de Rabanales, 14071 
Córdoba. Teléfono: 34-957218645, Fax: 34-957218644 
e-mail: q22sirom@uco.es, web: http://www.uco.es/investiga/grupos/FQM-303 
 
La utilización de sistemas microfluídicos para el desarrollo de nuevas metodologías analíticas 
de respuesta rápida se ha visto incrementado en estos últimos años debido a las ventajas 
inherentes a la miniaturización, tales como el bajo consumo de reactivos y muestra, facilidad en 
la manipulación y reducción en el tiempo de análisis. 
 
El empleo de nanopartículas en dispositivos microfluídicos se aborda con el fin de aprovechar 
alguna de las propiedades ópticas, eléctricas o mecánicas que éstas presentan para mejorar 
alguna de las etapas del proceso analítico. Existe una amplia variedad de nanopartículas de 
diferente naturaleza que pueden aplicarse para múltiples fines, tales como: 
- Modificadores de la superficie del microcanal para favorecer la separación de 
analitos. 
- Marcadores con propiedades ópticas o electroquímicas para mejorar la sensibilidad 
en la detección. 
- Precursores para la inmovilización de moléculas de reconocimiento y/o en técnicas 
de preconcentración. 
 
La versatilidad que presenta estos nanomateriales posibilita su aplicabilidad en sistemas “Lab-
on-chip” (LOC) basados en el desarrollo de métodos de inmunoensayo, en separaciones 
mediante electroforesis en chip (MCE) o dispositivos de microanálisis en flujo (μFIA). 
 
El objetivo de esta exposición es realizar una revisión crítica de los últimos avances en la 
aplicación de nanomateriales en sistemas microfluídicos para el desarrollo e implementación de 
nuevos métodos analíticos. Esta presentación se hace en base a la clasificación según la etapa 
del proceso analítico en el cual las nanopartículas están implicadas, principalmente reacción, 
separación y detección.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
